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PREFACE 


This  Seminar  is  held  as  a  medium  by  which  there 
may  be  a  free  exchange  of  information  regarding  explo¬ 
sives  safety.  With  this  idea  in  mind,  these  minutes  are 
being  provided  for  your  information.  The  presentations 
made  at  this  Seminar  do  not  imply  indorsement  of  the 
ideas,  accuracy  of  facts  presented,  or  any  product,  by 
either  the  Department  of  Defense  Explosives  S.«fety  Board 
or  the  Department  of  Defense. 

THOMAS  F.  HALL,  JR. 

Colonel,  USA 

Chairman 


These  proceedings  are  published  for  the 
information  and  benefit  of  the  Seminar 
participants.  The  Department  of  Defense 
Explosives  Safety  Board  cannot  accept 
responsibility  for  the  accuracy  of  papers 
directly  reproduced  from  copies  furnished 
by  the  authors. 
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9  August  1988 


Ladies  and  Gentlemen: 

Welcome  to  the  Twenty-Third  Explosives 
Safety  Seminar.  The  Department  of  Defense 
Explosives  Safety  Board  is  pleased  to 
cooperate  with  the  Military  Services,  US 
industry  and  the  international  community  in 
offering  this  opportunity  to  you  the 
representatives  from  the  national  and 
international  explosives  community  to  become 
better  informed  about  current  matters 
relating  to  explosives  safety.  Our  purpose 
is  to  exchange  and  stimulate  ideas  within 
that  framework.  Your  active  participation 
is  encouraged. 
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KEYNOTE  ADDRESS 


DOD  EXPLOSIVES  SAFETY  SEMINAR 

By 

Honorable  Grant  S.  Green,  Jr. 
Assistant  Secretary  of  Defense 
(Force  Management  and  Personnel) 


0900,  Tuesday,  August  9,  1988 
Hyatt  Regency  Hotel 
Atlanta,  Georgia 


Thank  you  Ton  (Colonel  Hall) 


Ladies  and  Gentlemen,  1  want  to  thank  you  for  attending  this 
Seninar  which  gives  us  all  the  opportunity  to  listen,  learn,  and 
to  share  our  ideas  and  latest  developments  in  the  safe  handling  of 
explosives.  It  is  a  rare  opportunity  indeed  when  a  group  such  as 
this  can  gather.  I  understand  that  we  not  only  have  representa¬ 
tives  from  throughout  the  Department  of  Defense,  but  also  from 
other  U.S.  Government  Agencies,  representatives  from  our  HATO 
allies,  and  friends  from  all  around  the  world.  I  want  to  welcome 
you  all  to  the  23rd  Department  of  Defense  Explosives  Safety 
Seminar. 

It  can  be  rather  difficult  to  address  such  a  group  in  these 
spectacular  surroundings,  however,  while  it  appears  festive  at 
first  glance,  this  forum  is  not  a  celebration.  We  are  here 
despite  increasingly  austere  defense  budgets  to  handle  serious 
business.  Primarily,  it's  the  business  of  defending  this  Nation, 
and  meeting  our  commitments  to  help  our  friends  and  allies  to 
defend  freedom  around  the  globe.  If  this  Seminar  is  to  be  a 
success,  we  must  all  be  dedicated  to  that  end. 

It  is  a  great  pleasure  to  be  part  of  this  great  assemblage 
which  has  become  a  tradition  of  sorts  in  the  explosives  community. 

I  am  told  the  first  such  Seminar  was  held  at  Indian  Head,  Maryland 
in  1959  when  one  hundred  explosives  experts  gathered  to  pool  their 
knowledge  and  insights.  The  Minutes  were  180  pages  in  length.  At 
the  last  Seminar  in  Anaheim,  California  in  1986,  800  participated 
and  it  took  two  hugh  volumes  to  publish  the  2200  pages  of  Minutes. 

It  is  obvious  that  over  the  years  the  information  to  be  shared 
has  Increased  and  the  interest  in  this  conference  has  increased 
because  we  all  share  a  need  to  learn  as  much  as  we  can  about  handl¬ 
ing  the  increasingly  volatile,  explosive,  and  dangerous  materials 
that  are  a  necessary  part  of  our  security  structure.  In  this 
select  forum,  we  must  be  focused  on  protecting  our  primary  mission 
from  an  old  and  renowned  enemy... This  enemy  is  not  a  Fielded  Army 
or  a  Modern  Armored  Division,  not  a  Hostile  Fleet  or  Tactical 
Fighter  Wing.  The  enemy  we  must  seek  to  learn  how  to  defend 
against  is  perhaps  more  deadly  and  costly  because  it  attacks 
without  warning,  reason,  or  cost  to  the  real  enemy  and  takes  human 
life  and  wastes  scarce  resources.  Our  enemy  is  loss  by  accident, 
the  catastrophic  explosion,  the  disaster. 


Let's  examine  this  enemy.  What  does  it  cost  us?  A  cata¬ 
strophic  explosion  occurs  in  a  Defense  Plant,  we  lose  human  life, 
we  lose  credibility  with  the  local  community  who  sees  the  plant  a3 
an  extension  of  the  Defense  Department  and  the  Federal  Government. 
Complaints  reach  Capitol  Hill  in  Washington.  Congressmen  take  up 
the  challenge  for  their  constituents,  and  the  intense  public 
scrutiny,  criticisms,  and  doubts  about  our  ability  to  manage 
national  security  affairs  reaches  a  fever  pitch.  The  media  head¬ 
lines  the  details  in  the  most  graphic  and  dramatic  terms.  As  free 
societies  that  place  a  premium  on  the  value  of  the  individual,  we 
will  not  accept  loss  of  life  to  anything  preventable. 

But  it  doesn't  end  there.  An  essential  weapon  system,  produc¬ 
tion  facility,  and  weapons  stockpile  may  be  lost.  Due  to  delays 
strategic  assets  are  idled,  tactics  are  threatened,  and  the 
national  interest  is  comprized.  We  face  a  deficiency  in  our 
ability  to  execute  the  Defense  Mission  with  potentially  profound 
effect  in  time  of  war,  and  we  lose  the  availability  of  important 
assets  which  form  an  essential  element  of  our  deterrent  posture. 

We  have  to  find  some  way  to  back  up  the  procurement  cycle,  or  risk 
falling  behind  Soviet  developments.  We  are  then  forced  to 
scramble  to  obtain  other,  perhaps  less  reliable  sources  to  replace 
the  los  8 . 

* 

But  it  doesn't  end  there  either.  The  courts  determine  the 
penalties  to  be  paid  to  the  survivors  of  the  tragedy.  We  end  up 
paying  millions  of  dollars  for  lives  money  cannot  replace,  and 
still  it  doesn't  end.  The  contractor  loses  time  and  resources  and 
the  workforce  loses  jobs.  Sometimes,  the  contractor  loses  interest 
in  such  risky  work.  The  results  is  that  the  price  of  the  system 
always  escalates. 

Which  brings  us  to  the  heart  of  this  Seminar.  How  do  we 
counter  this  threat? 

Today  over  six  hundred  are  assembled  here,  representing  more 
than  18  Nations.  We  come  from  the  Defense  Department,  the 
Military  Staffs  of  the  three  Services,  Engineering  Staffs,  plants, 
and  manufacturing  firms.  We  gather  to  combine  our  talents  and 
insights  into  a  massive  technological  counter-assault  against  our 
common  enemy--the  loss  of  life  and  mission  due  to  accident. 

At  no  other  time  and  place  is  such  a  group  assembled  for  this 
purpose.  Before  this  Seminar  is  over  you  will  hear  the  latest  in 
the  design  of  protective  construction.  You  will  see  dramatic 
films  of  a  recent  catastrophic  accident.  You  will  be  brought  up 
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to  date  on  the  results  of  the  latest  explosives  tests.  New 
approaches  in  Command  Safety  Programs  will  be  addressed.  A  myriad 
of  topics  will  be  presented  such  as  lightning  protection,  airblast 
phenomena,  hazard  classification,  transportation,  and  fragmenta¬ 
tion  hazards.  Computer  programs  will  be  discussed  and  exchanged 
both  formally  and  informally.  You  choose  the  session  that  fits 
your  area  of  interest. 

There  is  also  more  than  one  level  to  this  Seminar.  This  is 
the  formal  level,  but  there  is  an  informal  level  also  at  work 
here.  Private  meetings  extend  into  the  wee  hours  when  associates 
from  many  separate  fields  become  involved  in  long,  meaningful 
discussions.  Safety  professionals  from  operating  theaters  of  all 
three  Services  hold  encounter  sessions  over  a  cup  of  coffee. 

It  is  this  informal  level  that  is  most  difficult  to  organize 
or  evaluate,  but  it  is  as  important  as  it  is  spontaneous.  If  we 
pursue  these  informal  contacts  it  will  provide  this  Seminar 
experience  with  a  completeness  that  comes  from  mixing  people  with 
different  specialties.  It  is  this  informal  level  which  establishes 
the  "Explosives  Community"  and  binds  it  together  with  common 
interests  and  concerns.  The  products  of  the  informal  Seminar  are 
relationships  and  cross-specialty  understanding. 

The  product  of  the  formal  Seminar  is  information.  This 
information  is  forged  into  reports  for  use  by  experts  in  the 
field.  Commanders  rely  on  their  experts  to  gather  this  harvest  of 
ideas  and  concepts  to  direct  their  safety  programs  against  the 
common  enemy.  The  Department  of  Defense  has  sent  its  finest  into 
this  assembly.  Every  level  of  command  is  represented  in  one  way 
or  another  in  search  of  new  insights  and  incentives.  In  the  final 
analysis,  however,  it  is  the  Commander  who  makes  the  program  a 
functional  reality. 

When  we  consider  implementing  our  safety  concerns,  we  must 
consider  the  systems  approach.  The  safety  that  is  built  into 
weapons  systems --systems  ssfety--is  represented  in  this  gathering. 
The  spectre  of  an  unsafe  weapon,  or  a  weapon  that  may  react  in  a 
way  not  recognized  during  its  development,  is  so  dangerous  that  to 
us  it  must  be  unthinkable. 

However,  weapons  are  far  more  complex  than  before,  following 
every  advance  in  science  and  technology  as  it  occurs.  While  the 
basic  principles  of  safety  may  be  time-honored  and  well-proven, 
these  dramatic  new  systems  demand  the  renewed  application  of  old 
philosophies  and  new  management  techniques  perhaps  not  readily 
apparent.  We  are  here  to  seek  new  answers  and  to  hammer  out 
better  approaches  to  explosives  safety. 


We  must  learn  to  manufacture,  store,  transport,  and  train  with 
explosives  with  increased  safety.  As  I  glance  down  the  list  of 
presentations,  there  are  papers  covering  most  of  the  bread  and 
butter  safety  issues  which  concern  me. 

One  that  particularly  concerns  me  is  Training  Safety.  By 
Training  Safety,  I  mean,  the  entire  spectrum  from  Basic  Training 
to  Joint  Exercises.  These  include  Combined  Arms  Live  Fire  Train¬ 
ing,  Fleet  Exercises,  Combat  Sorties,  and  the  whole  host  of  other 
exercises  which  flex  the  muscle  of  military  might.  Training  is 
the  combat  of  peacetime.  It  sustains  our  readiness,  and  it  can  be 
as  dangerous  as  it  is  essential.  Training  calls  for  young 
Soldiers,  Sailors,  Airmen,  and  Marines  to  deal  with  weapon  systems 
far  more  lethal  than  ever  before  and  of  a  complexity  that  was 
beyond  belief  just  twenty  years  ago.  It  calls  for  procedures  to 
make  the  complexities  and  dangers  manageable.  This  mission  is 
realistic  and  attainable. 

Safety  in  such  a  scenario  is  the  ultimate  challenge  to  Field 
Commanders.  1  am  aware  of  the  Quickload  Program  now  under  develop¬ 
ment  at  the  Ballistics  Research  Laboratory.  It  is  a  technological 
response  to  ammunition  storage  problems  in  forward  areas.  The  Air 
Force  is  testing  the  feasibility  of  new  storage  concepts  to 
improve  explosives  safety  in  the  combat  environment.  The  Navy 
initiated  the  Insensitive  Munitions  Program  to  improve  explosives 
safety  aboard  warships.  We  need  to  apply  and  expand  these  new 
technologies  to  our  needs  in  the  field  of  training  exercises. 

While  I  will  not  be  able  to  personally  visit  all  of  these 
sessions,  I  am  confident  that  those  who  will  attend  will  certainly 
benefit  themselves,  their  Commanders,  and  their  organizations. 

To  those  visitors  from  other  Nations,  some  having  traveled 
tens  of  thousands  of  miles  to  attend  this  Seminar,  I  extend  our 
most  sincere  welcome.  It  is  your  presence  that  gives  this  Seminar 
the  International  dimension  necessary  if  we  are  to  learn,  grow, 
and  to  apply  what  we  learn  everywhere  there  is  human  life  and 
liberty  to  protect.  Your  cooperation  vividly  demonstrates  the 
seriousness  of  our  efforts  in  explosives  safety.  We  intend  to 
reciprocate  by  attending  your  excellent  seminars  and  gatherings 
when  possible. 

Ladies  and  Gentlemen,  I  wish  you  success  in  your  sessions.  We 
in  the  Department  of  Defense  have  a  vested  interest  in  everything 
that  happens  at  this  Seminar.  We  await  with  interest  the  success¬ 
ful  culmination  of  events  here,  and  finally,  the  publication  of 
the  Minutes. 

Thank  You. 
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Introduction: 


I  am  pleased  and  honored  to  address  such  a  distinguished  group  and  want 
to  thank  the  Department  of  Defense  Explosives  Safety  Board  for  inviting  me. 

This  gathering  of  vast  experience  and  expertise  allows  for  an 
interchange  of  information  in  an  area  of  extreme  importance  to  the  mission 
of  the  Department  of  Defense,  that  being  explosives  safety. 

The  exchange  of  information  here  at  this  seminar  in  both  the  formal 
presentations  and  during  the  breaks  and  social  gatherings  is  so  important  to 
our  continuing  efforts  to  identify  a  safe  environment  for  our  military  and 
civilians,  and  in  protecting  the  public  when  dealing  with  ammunition  and 
explosives. 

As  you  know,  explosives  safety  is  one  of  the  most  difficult  and 
demanding  safety  tasks  due  to  our  requirement  of  striking  a  balance  between 
operational  and  explosives  safety  considerations. 

It  requires  we  consider  the  balance  between  total  protection  of  life 
and  property  and  maintenance  of  operational  readiness  for  a  combat  ready 
forte. 

The  advances  in  explosives  and  weapons  technology  must  be  viewed  in 
conjunction  with  safety  engineering  and  research  and  development  testing. 
Many  in  attendance  here  have  a  direct  impact  in  this  area  and  understand  the 
ability  and  necessity  to  identify  hazards  and  design  or  engineer  them  out  or 
at  least  control  them.  This  is  critical  to  our  overall  goal  of  resource 
conservation  3nd  mission  accomplishment.  The  Army  is  committed  to  continued 
progress  toward  an  improved  explosives  safety  posture. 

We  are  all  aware  of  how  an  explosives  accident  can  have  catastrophic 
consequences,  not  only  in  terms  of  lives  lost  or  property  destroyed,  but 
also  in  terms  of  international  ramifications  that  could  greatly  impair  our 
ability  to  maintain  the  mission  worldwide. 

The  perfect  lesson  on  lack  of  explosives  safety  awareness  and  the 
posaible  catastrophic  results  was  the  April  explosion  of  an  a-anunition 
storage  area  in  Pakistan.  The  U.S.  Military  Forces  and  its  Allies  could  ill 
afford  the  mass  destruction,  loss  of  life,  and  the  millions  of  dollars  worth 
of  ammunition  destroyed  in  that  particular  incident.  Storage  there  did  not 
adhere  to  the  basic  explosives  safety  principles  understood  as  vitally 
important  in  the  Department  of  Defense.  Explosives  safety  quantity  distance 
and  compatibility  application  was  not  evident  in  Pakistan.  The  Explosive 
Ordnance  Disposal  after  action  report  states  "...the  result  of  the  storage 
configuration  was  that  once  any  explosion  or  fire  started,  there  was  no 
barrier  or  distance  to  impede  or  stop  all  of  the  ammunition  stored  to  either 
burn,  detonate,  be  blown  out  of  or  away  from  the  depot,  or  in  the  case  of 
rocket  ammunition  become  propulsive  and  shoot  out  of  the  compound." 


The  need  for  strict  implementation  of  specific  explosives  safety 
controls  is  understood  in  the  Army  and  is  the  basis  for  our  expanding 
programs  and  training  efforts. 

Vu-graph  #1  -  U.S.  Army  Explosives  Safety  Program 

The  Army  has  designed  and  implemented  a  comprehensive,  active, 
integrated  explosives  safety  management  program.  The  program  provides 
for  development  and  execution  of  planned  actions  to  identify  and  abate 
explosives  safety  deficiencies.  It  addresses  our  many  areas  of  concern 
and  is  designed  to  Improve  our  explosives  safety  posture  vorldwide. 

It  strengthens  our  war  fighting  capability  allowing  preservation  of 
resources  so  important  to  combat  readiness. 

In  March  of  1987,  the  Director  of  the  Army  Staff  established  a  General 
Officer  Steering  Committee  to  guide  a  special  study  group  in  their 
examination  of  the  management  and  distribution  of  Army  explosives 
safety  functions.  The  group  had  representatives  from  the  Office  of 
the  Deputy  Chief  of  Staff  for  Personnel,  the  Office  of  the  Deputy 
Chief  of  Staff  for  Logistics,  and  the  Office  of  Deputy  Chief  of 
Staff  for  Operations  and  Plans.  Other  Army  staff  agencies,  major 
Army  commands.  Army  Secretariat,  and  the  Department  of  Defense 
Explosives  Safety  Board  participated  in  aspects  of  the  study. 

The  concept  and  recommendations  that  evolved  from  the  study  allowed  the 
Army's  explosives  safety  technical  expertise  existing  with  the  major  Army 
commands  and  other  agencies  to  be  used  Army-wide.  Explosives  safety 
management  and  policy  formulation  is  maintained  at  Headquarters, 

Department  of  the  Army.  The  concept  was  approved  by  Lieutenant 
General  Kicklighter,  Director  of  the  Army  Staff,  and  implementation 
began  in  February  of  this  year. 

Vu-graph  92  -  Explosives  Safety  Management  Program 

Three  key  program  elements  were  established  by  the  concept.  They  are 
shown  here. 

Vu-graph  #3  -  Department  of  the  Army  Explosives  Safety 'Council 

At  the  Headquarters,  Department  of  the  Army  level,  a  Department  of  the 
Army  Explosives  Safety  Council  was  established  to  provide  an  Army  staff  and 
major  Army  command  coordinated  effort  in  the  development  and  execution  of 
Army  explosives  safety  policy,  procedures,  funding,  and  actions.  The 
Department  of  the  Army  Explosives  Safety  Council  is  currently  chaired  by 
Colonel  (P)  Mitchiner,  the  Director  of  Army  Safety. 

This  council  provides  the  major  Army  commands  direct  input  into 
explosives  safety  policy  formulation  which  they  will  be  responsible  to 
implement.  The  first  meeting  in  May  of  this  year  solidly  established  the 
Council’s  capabilities.  Goals  have  been  set  for  future  accomplishments. 
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Vu-graph  #4  -  Executive  Director  for  Explosives  Safety 

The  second  key  element  of  the  program  is  the  Executive  Director  for 
Explosives  Safety  position.  It  was  established  and  is  designated  by  the 
Chief  of  Staff,  U.S.  Army. 

The  purpose  of  establishiug  this  position  was  to  centralize  the 
execution  of  the  Array's  explosives  safety  mission.  Lieutenant  General  Fred 
Hissong  currently  .  erves  as  the  Army's  focal  point  on  critical  explosives 
oafety  actions.  He  is  an  extension  of  Headquarters,  Department  of  the  Army 
in  exercising  executive  management  and  operational  control  of  the  new  D.S. 
Army  Technical  Center  for  Explosives  Safety. 

Vu-graph  #5  -  U.S.  Army  Technical  Center  for  Explosives  Safety 

The  key  operational  element  of  the  program  is  the  U.S.  Army  Technical 
Center  for  Explosives  Safety.  It  executes  the  missions  assigned  to  the 
Executive  Director  for  Explosives  Safety  by  Headquarters,  Department  of  the 
Army  and  the  Department  of  the  Army  Explosives  Safety  Council.  It  provides 
assistance  and  technical  services  to  enhance  and  support  the  overall 
program.  The  U.S.  Army  Technical  Center  for  Explosives  Safety  has  authority 
for  day-to-day  communication  with  the  Headquarters,  Department  of  the  Army 
staff  and  major  Army  command  commanders  Army-wide  to  serve  and  assist  in  the 
explosives  safety  missions.  It  is  being  staffed  with  multi-disciplined 
personnel  to  assure  all  technical  aspects  of  explosives  safety  are 
considered  and  supported. 

I  am  very  pleased  to  report  the  implementation  of  the  new  program  is 
going  exceptionally  well.  The  first  meeting  of  the  Department  of  the  Army 
Explosives  Safety  Council  went  extremely  well  and  further  successes  are 
expected  for  follow-on  Army  activities.  The  Executive  Director  for 
Explosives  Safety  and  the  U.S.  Army  Technical  Center  for  Explosives  Safety 
are  providing  assistance  on  an  expanding  scale.  In  the  short  period  of  6 
months  since  Lieutenant  General  Klckllghter  signed  the  program  documents 
directing  implementation,  the  U.S.  Army  Technical  Center  for  Explosives 
Safety,  under  Lieutenant  General  Hissong's  direction,  is  approaching  full 
staffing  (20  of  35  authorized  positions  are  filled)  and  accomplishing  its 
technical  assistance  role  Army-wide. 

This  management  approach  is  allowing  for  all  elements  of  the  explosives 
safety  community  to  actively  participate  or  have  input  into  the  development 
of  Army  explosives  safety  policy,  procedures,  and  priorities. 

We  in  the  Army  Secretariat  are  impressed  with  the  accomplishments  to- 
date  and  will  continue  to  support  his  expanded  effort  to  meet  our  goals  and 
address  our  complex  explosives  safety  issues. 

I  wish  you  success  in  your  seminar.  An  improved  explosives  safety 
posture  will  be  realized  through  the  combined  talents  and  Interchanges  at 
this  seminar. 

Thank  you. 
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EXPLOSIVES  SAFETY  MANAGEMENT  PROGRAM 


THE  DEPARTMENT  OF THE  ARMY  EXPLOSIVES 
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OVERVIEW  OF  THE  CHEMICAL  DEMILITARIZATION 

PROGRAM 

GOOD  MORNING.  I  APPRECIATE  THE  OPPORTUNITY  TO 
ADDRESS  THIS  CONVENTION.  BECAUSE  OF  THE  NATI’RE  OF 
THE  CHEMICAL  DEMILITARIZATION  PROGRAM  -  THE 
INHERENT  HAZARDS  ASSOCIATED  WITH  DESTRUCTION  OF  THE 
CHEMICAL  STOCKPILE,  THE  PUBLIC  CONTROVERSY 
SURROUNDING  THE  PROGRAM,  AND  THE  HIGH  VISIBILITY  -- 
PUBLIC  AND  WORKER  SAFETY  IS  OUR  OVERRIDING  CONCERN. 

THIS  MORNING  I  WILL  PRESENT  AN  OVERVIEW  OF  THE 
CHEMICAL  DEMILITARIZATION  PROGRAM,  WHERE  WE  HAVE 
BEEN,  WHERE  WE  ARE  NOW,  AND  WHERE  WE  EXPECT  TO  GO 
IN  THE  FUTURE.  I  WILL  ALSO  DESCRIBE  OUR  SAFETY 
PROGRAM,  WITH  PARTICULAR  EMPHASIS  ON  RISK 
MANAGEMENT. 

THE  CHEMICAL  DEMILITARIZATION  PROGRAM  HAS  BEEN  AN 
ONGOING  EFFORT  SINCE  1970  AND  BEGAN  WITH  THE 
DISPOSAL  OF  BULK  MUSTARD  AGENT  AT  ROCKY  MOUNTAIN 
ARSENAL,  NEAR  DENVER,  COLORADO. 


WE  CURRENTLY  HAVE  SIX  DISCRETE  DEMILITARIZATION 
PROGRAMS  ONGOING. 

THE  CHEMICAL  AGENT  MUNITIONS  DISPOSAL  SYSTEM 
(CAMDS),  LOCATED  AT  TOOELE  ARMY  DEPOT,  UTAH,  HAS 
BEEN  IN  OPERATION  SINCE  1979.  CAMDS  SERVES  AS  THE 
TEST  BED  FOR  DEVELOPMENT  AND  PROVE-OUT  OF  THE 
DISPOSAL  EQUIPMENT  AND  PROCESSES  TO  BE  USED  IN 
FUTURE  PRODUCTION-SCALE  DEMILITARIZATION 
FACILITIES. 

THE  FIRST  PRODUCTION-SCALE  FACILITY,  THE  JOHNSTON 
ATOLL  CHEMICAL  AGENT  DISPOSAL  SYSTEM  (JACADS)  IS 
UNDER  CONSTRUCTION  NOW  AT  JOHNSTON  ISLAND. 

THE  FACILITY  CONSTRUCTION  IS  COMPLETE  AND  EQUIPMENT 
INSTALLATION  IS  WELL  UNDERWAY.  THE  JACADS  IS 
SCHEDULED  TO  BECOME  OPERATIONAL  IN  LATE  1989. 

COMPLETED  AND  NOW  IN  THE  OPERATIONAL  PHASE  IS  A 
DISPOSAL  FACILITY  AT  PINE  BLUFF  ARSENAL,  ARKANSAS, 
DESIGNED  AND  CONSTRUCTED  TO  DISPOSE  OF  THE  ARMY’S 
INVENTORY  OF  INCAPACITATING  AGENT  BZ.  AT  THE 


COMPLETION  OF  THE  BZ  DISPOSAL  PROGRAM,  THIS 
FACILITY  WILL  BE  MODIFIED  TO  DISPOSE  OF  OTHER  I 

CHEMICAL  STOCKS  AT  PINE  BLUFF  ARSENAL. 

THE  TECHNICAL  APPROACH  FOR  THE  DEMILITARIZATION  OF 
THE  CHEMICAL  STOCKPILE  IS  THE  D I S ASSEMBLY  -  THERMAL 
PROCESS  CURRENTLY  BEING  CONSTRUCTED  AT  THE  JACADS . 

THIS  TECHNOLOGY  HAS  BEEN  UNDER  STUDY  FOR  A  NUMBER 
OF  YEARS  AND  HAS  SUCCESSFULLY  DESTROYED  SOME  16 
MILLION  POUNDS  OF  AGENT  WITHOUT  ANY  SIGNIFICANT 
ENVIRONMENTAL  OR  SAFETY  PROBLEMS  THE  TECHNOLOGY 
USES  A  REVERSE  ASSEMBLY  PROCEDURE  TO  ACCESS  AND 
SEPARATE  THE  AGENT,  EXPLOSIVES,  DUNNAGE,  AND  METAL 
PARTS  FOR  THERMAL  DECONTAMINATION  IN  THEIR  OWN 
FURNACE.  EACH  OF  THE  FOUR  FURNACE  SYSTEMS  HAS  ITS  ^ 

OWN  ELABORATE  POLLUTION  ABATEMENT  SYSTEM. 

THE  CRYOFRACTURE-THERMAL  DESTRUCTION  PROGRAM  IS  A 
RESEARCH  AND  DEVELOPMENT  EFFORT  INVOLVING  THE 

DEVELOPMENT  OF  AN  ALTERNATE  DEMILITARIZATION 
TECHNOLOGY  IN  PARALLEL  WITH  THE  CURRENT 

DISASSEMBLY-THERMAL  TECHNOLOGY  BEING  EMPLOYED  AT 
JACADS.  BOTH  TECHNOLOGIES  REQUIRE  INCINERATION 
IT  IS  THE  PROCESSES  TO  ACCESS  THE  AGENT  THAT  ARE 


D I FFERCNT . 


WITH  CRYOFRACTURE  THE  ENTIRE  MUNITION,  AGENT,  AND 
EXPLOSIVES  ARE  BROUGHT  TO  SUBFREEZING  TEMPERATURES, 
IN  A  NITROGEN  BATH;  CRUSHED  WITH  A  PRESS;  AND  THEN 
INCINERATED.  HOWEVER,  IT  REQUIRES  ADDITIONAL 
DEVELOPMENT  AS  THE  DATA  BASE  IS  RESTRICTED  TO  A  FEW 
AGENT  MUNITIONS  TESTS  ON  A  RELATIVELY  LIMITED 
BASIS. 

THE  ACTUAL  DEMONSTRATION  OF  THE  ABILITY  OF  THE 
CRYOFRACTURE  PROCESS  TO  MEET  ENVIRONMENTAL 
REGULATORY  REQUIREMENTS  AND  ACCUMULATE  SUFFICIENT 
DATA  TO  ALLOW  VALID  ENGINEERING  COMPARISONS  TO  THE 
JACADS  TECHNOLOGY  REMAIN  TO  BE  DEMONSTRATED. 
INCORPORATION  OF  THE  CRYOFRACTURE  TECHNOLOGY  INTO 
THE  DISPOSAL  PLAN  CANNOT  BE  ACHIEVED  WITH  THE 


CURRENT  SCHEDULES. 
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THE  DRILL  AND  TRANSFER  SYSTEM  (DATS)  IS  A 
TRANSPORTABLE  SYSTEM  USED  TO  DEMILITARIZE  LEAKING 
OR  UNSERVICEABLE  CHEMICAL  MUNITIONS  AND  RECOVERED 
RANGE  ITEMS.  USING  REMOTE  CONTROLS,  A  HOLE  IS 
DRILLED  IN  THE  MUNITION  BODY  AND  THE  CHEMICAL  AGENT 
DRAINED  TO  AN  APPROVED  STORAGE  CONTAINER.  THE 
MUNITION  CASING  IS  THOROUGHLY  DECONTAMINATED  AND 
THE  AGENT  IS  RETURNED  TO  SECURE  STORAGE.  DATS  HAS 
OPERATED  SINCE  1979  AT  SIX  INSTALLATIONS  AND  HAS 
PROCESSED  MORE  THAN  900  MUNITIONS. 


THE  FY83  DEFENSE  AUTHORIZATION  ACT,  OR  PUBLIC  LAW 
99-145,  DIRECTED  THE  DISPOSAL  OF  THE  TOTAL  U.S. 
INVENTORY  OF  UNITARY  CHEMICAL  AGENTS  AND  MUNITIONS 
BY  SEPTEMBER  30,  1994,  IN  A  MANNER  THAT  WOULD 
PROVIDE  MAXIMUM  PROTECTION  OF  THE  ENVIRONMENT,  THE 
GENERAL  POPULATION,  AND  THE  WORKFORCE.  THE  LAW 
FURTHER  DIRECTED  THAI  THE  FACILITIES  CONSTRUCTED 
FOR  THE  DISPOSAL  PROGRAM  WOULD  BE  USED  EXCLUSIVELY 
FOR  THE  DESTRUCTION  OF  THE  CHEMICAL  AGENTS  AND 
MUNITIONS,  AND  Y/HEN  NO  LONGER  NEEDED  FOR  THIS 
PURPOSE,  V/OULD  BE  CLEANED  AND  DESTROYED. 
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THE  CHEMICAL  STOCKPILE  IS  STORED  IN  A  VARIETY  OF 
MUNITION  TYPES  AND  BULK  CONTAINERS  AT  EIGHT  SITES 
WITHIN  THE  CONTINENTAL  UNITED  STATES  (CONUS),  AT 
JOHNSTON  ISLAND  IN  THE  PACIFIC,  AND  IN  WESTERN 
EUROPE.  THE  JOHNSTON  ISLAND  STOCKS  WILL  BE 
DEMILITARIZED  IN  THE  JACADS  FACILITY  UNDER 
CONSTRUCTION,  AND  THE  DISPOSITION  OF  THE  EUROPEAN 
STOCKS  ARE  BEING  DISCUSSED  AT  THE  STATE  DEPARTMENT 
LEVEL. 

AS  DIRECTED  BY  PUBLIC  LAW  99-145,  THE  ARMY 
DEVELOPED  A  CONCEPT  PLAN  FOR  THE  DESTRUCTION  OF  THE 
LETHAL  CHEMICAL  STOCKPILE  BY  SEPTEMBER  30,  1994, 

AND  SUBMITTED  THE  PLAN  TO  CONGRESS  IN  MARCH  OF 

1986. 

THE  PLAN  PRESENTED  THREE  PROGRAMMATIC  ALTERNATIVES 

TO  ACHIEVE  THIS  GOAL: 

\ 

(1)  CONSTRUCTION  AND  OPERATION  OF  DISPOSAL 
FACILITIES  AT  EACH  OF  THE  EIGHT  CHEMICAL  STORAGE 
LOCATIONS; 
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(2)  MOVEMENT  OF  THE  CONUS  STOCKS  TO  TWO  REGIONAL 
DESTRUCTION  CENTERS  TO  BE  ESTABLISHED  AT  ANNISTON 
ARMY  DEPOT  FOR  THE  EASTERN  SITES  AND  TOOELE  ARMY 
DEPOT  FOR  THE  WESTERN  SITES;  AND 

(3)  COLLOCATION  OF  ALL  CHEMICAL  STOCKS  TO  ONE 
DISPOSAL  CENTER  TO  BE  ESTABLISHED  AT  TOOELE  ARMY 
DEPOT. 

SINCE  THE  PREPARATION  OF  THE  DEMILITARIZATION 
CONCEPT  PLAN  FOR  CONGRESS  IN  MARCH  1886,  SEVERAL 
OTHER  SIGNIFICANT  EVENTS  HAVE  TAKEN  PLACE. 

THE  DRAFT  PROGRAMMATIC  ENVIRONMENTAL  IMPACT 
STATEMENT  (DPEIS)  WAS  PUBLISHED  IN  JULY  1986.  WITH 
THE  COMPLETION  OF  THE  PUBLIC  COMMENT  PERIOD,  IT  WAS 
DETERMINED  THAT  SOME  AREAS  OF  THE  PROGRAMMATIC  EIS 
REQUIRED  A  MORE  IN-DEPTH  REVIEW  AND,  IN  SOME 
INSTANCES,  NEW  STUDIES  WERE  REQUIRED  TO  SATISFY 
PUBLIC  INTEREST  AND  CONCERN. 

ADDITIONAL  REFINEMENTS  TO  THE  RISK  AND  HAZARD 
ANALYSIS  WERE  INCORPORATED  INTO  THE  FINAL 


PROGRAMMATIC  EIS.  A  SEPARATE  RISK  MITIGATION 


ANALYSIS,  AIMED 

AT 

REDUCING 

THE 

PROBABILITY 

OF 

OCCURRENCE  OF 

AN 

ACCIDENT 

AND 

REDUCING 

THE 

CONSEQUENCES  OF  AN  ACCIDENT  SHOULD  IT  OCCUR, 
ACCOMPANIED  THE  RISK  ANALYSIS  AS  PART  OF  THE 
OVERALL  EIS  PACKAGE.  A  REVIEW  OF  THE  EMERGENCY 
RESPONSE  PROCEDURES  AT  EACH  CURRENT  STORAGE  SITE 
FOUND  VARIOUS  DEGREES  OF  DETAILED  PLANNING  AND 
INVOLVEMENT  WITH  THE  SURROUNDING  COMMUNITIES.  AS  A 
RESULT,  OFF-POST  EMERGENCY  RESPONSE  PLANS  ARE  BEING 
UPDATED  TO  PROVIDE  ADDITIONAL  MITIGATION  IN  THE 
UNLIKELY  EVENT  THAT  AN  ACCIDENT  INVOLVING  CHEMICAL 
AGENTS  OCCURS.  AREAS  SUCH  AS  IMPROVED  WARNING 
SYSTEMS,  DETAILED  TRAINING  OF  LOCAL  MEDICAL  AND  LAW 
ENFORCEMENT  PERSONNEL,  AND  EVACUATION  PLANNING  ARE 
ALL  UNDER  STUDY.  THESE  TOTAL  EFFORTS  ARE 
SUMMARIZED  IN  THE  FINAL  PROGRAMMATIC  EIS. 

WE  ALSO  DID  A  DETAILED  STUDY  ON  THE  VARIOUS 
TRANSPORTATION  CONCEPTS,  BOTH  ON  AND  OFF  SITE,  AS 
WELL  AS  AN  EVALUATION  OF  CURRENTLY  AVAILABLE 
PACKAGES  THAT  COULD  BE  USED  FOR  TRANSPORTATION  OF 


CHEMICAL  MUNITIONS.  WE  CONDUCTED  A  STUDY  THAT 
EXAMINED  ALL  THE  POTENTIAL  MONITORING  REQUIREMENTS 
WE  MAY  HAVE  IN  ORDER  TO  MAINTAIN  STRICT  CONTROL  OF 
ALL  DEMILITARIZATION  RELATED  ACTIVITIES  AND  TO 
PROVIDE  HISTORICAL  EVIDENCE  THAT  WE  DID  IN  FACT 
CONDUCT  THE  PROGRAM  IN  A  CONTROLLED  MANNER  WHICH 
PRESENTED  MINIMAL  RISK  TO  THE  PUBLIC.  WE  ALSO 
EXAMINED  THE  FEASIBILITY,  COSTS,  AND  BENEFITS  OF 
TRANSPORTING  THE  CHEMICAL  STOCKPILE  AT  A  REDUCED 
TEMPERATURE  IN  ORDER  TO  REDUCE  THE  AGENT 
EVAPORATION  RATE  IN  THE  EVENT  OF  AN  AGENT  RELEASE. 
WE  ALSO  RESEARCHED  THE  HISTORY  OF  THE  MOVEMENT  OF 
U.S.  LETHAL  CHEMICAL  MUNITIONS  AND  PREPARED  A 


REPORT  BASED  ON  THAT  RESEARCH 


THE  DRAFT 


PROGRAMMATIC  EIS  DID  NOT  ADDRESS  THE  RELATIVE 
VULNERABILITY  OF  THE  VARIOUS  DISPOSAL  ALTERNATIVES 
TO  SABOTAGE  OR  TERRORISM,  AND  WE  RECEIVED  A  NUMBER 
OF  COMMENTS  REGARDING  THAT  OM I SS I  ON .  AS  A  RESULT, 
A  TERRORIST  VULNERABILITY  ASSESSMENT  WAS  PREPARED. 
THIS  REPORT  IS  CLASSIFIED  SECRET. 


DURING  THE  PUBLIC  HEARING  AT  L EX  I  NGTON - BLUE  GRASS 
ARMY  DEPOT,  CITIZENS  EXPRESSED  CONCERNS  OVER 
PORTIONS  OF  THE  DRAFT  PROGRAMMATIC  EIS  AND 
REQUESTED  ARMY  FUNDING  TO  BRING  IN  EXPERTS  TO 
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ASSIST  THE  COMMUNITY  IN  EVALUATING  THE  HIGHLY 
TECHNICAL  PORTIONS  OF  THE  ENVIRONMENTAL 
DOCUMENTATION.  THE  ARMY  MADE  THE  DECISION  TO 
INVOLVE  COMMUNITY  GROUPS  IF  THE  GROUPS  COULD 
DEMONSTRATE  THAT  THEY  WERE  REPRESENTATIVE  OF  THE 
ENTIRE  COMMUNITY,  THAT  THEY  HAD  THE  REQUIRED 
EXPERTISE,  AND  IF  THEY  SUBMITTED  THE  REQUEST  IN 
WRITING.  ACCORDINGLY  FIVE  SUCH  CONTRACTS  WERE 
AWARDED  TO  THE  COMMUNITIES  NEAR  ABERDEEN  PROVING 
GROUND,  PINE  BLUFF  ARSENAL,  NEWPORT  ARMY  AMMUNITION 
PLANT,  LEXINGTON-BLUE  GRASS  ARMY  DEPOT,  AND 
UMATILLA  DEPOT  ACTIVITY. 

THE  COMPLEXITY  AND  VISIBILITY  OF  THE  CHEMICAL 
STOCKPILE  DISPOSAL  PROGRAM  HAVE  INCREASED 
SIGNIFICANTLY  SINCE  THE  ORIGINAL  CONCEPT  PLAN  WAS 
SUBMITTED  TO  CONGRESS  IN  MARCH  1986.  WE  MAINTAIN 
CLOSE  LIAISON  WITH  MANY  OF  THE  REGULATORY  AGENCIES 
SUCH  AS  THE  ENVIRONMENTAL  PROTECTION  AGENCY,  STATE 
AIR  AND  WATER  REGULATORS,  THE  DEPARTMENT  OF  HEALTH 
AND  HUMAN  SERVICES,  DEPARTMENT  OF  DEFENSE 
EXPLOSIVES  SAFETY  BOARD,  THE  FEDERAL  EMERGENCY 
PLANNING  AGENCY,  RESIDENTS  COUNCIL  ON  ENVIRONMENTAL 
QUALITY,  AS  WELL  AS  HEADQUARTERS  OF  THE  DEPARTMENTS 
OF  DEFENSE  AND  ARMY. 


THE  FINAL  PROGRAMMATIC  ENVIRONMENTAL  IMPACT 
STATEMENT  WAS  PUBLISHED  IN  JANUARY  OF  1988  AND  THE 
UNDER  SECRETARY  OF  THE  ARMY  ANNOUNCED  HIS  RECORD  OF 
DECISION  THE  FOLLOWING  MONTH  AFTER  A  ROUND  OF 
HEARINGS  AT  SEVERAL  OF  THE  SITES. 


THAT  DECISION  CALLED  FOR  ON-SITE  INCINERATION  OF 
THE  LETHAL  CHEMICAL  STOCKPILE. 

THE  DEFENSE  AUTHORIZATION  ACT  OF  FY  88  AND  FY89 
(PUBLIC  LAW  100-180)  REQUIRED  THE  DEPARTMENT  OF 
DEFENSE  TO  LOOK  AT  ALL  OF  THE  AVAILABLE 
DEMILITARIZATION  TECHNOLOGIES,  EVALUATE  THESE 
TECHNOLOGIES,  AND  SELECT  THE  ONE  MOST  SUITABLE  FOR 
THE  CHEMICAL  DEMILITARIZATION  PROGRAM.  THE  LAW 
ALSO  REQUIRED  THAT  THE  DEPARTMENT  OF  DEFENSE 
PROVIDE  FOR  FULL  SCALE  OPERATIONAL  VERIFICATION 
( OVT )  AND  TO  CERTIFY  THE  CAPABILITIES  OF  THE 
SELECTED  TECHNOLOGY.  SAFETY  WAS  AND  IS  THE 
PARAMOUNT  CONSIDERATION.  FINALLY,  DEPARTMENT  OF 
DEFENSE  WAS  TO  PROVIDE  AN  IMPLEMENTATION  PLAN  TO 
CONGRESS  BY  THE  15TH  OF  MARCH  1988  WITH  THE  REVISED 
SCHEDULES  AND  UPDATED  BUDGET  REQUIREMENTS. 
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THE  IMPLEMENTATION  PLAN  DREW  FROM  THE  FINAL 
PROGRAMMATIC  ENVIRONMENTAL  IMPACT  STATEMENT, 
PROGRAMMATIC  RECORD  OF  DECISION,  ALL  PREVIOUSLY 
CONDUCTED  SAFETY  AND  SURETY  STUDIES  AND 
INVESTIGATIONS,  EFFICIENCY  OF  OPERATIONS,  AND 
COSTS. 

THE  PLAN  SUBMITTED  TO  CONGRESS  HAS  SEVERAL 
SIGNIFICANT  CHANGES  FROM  THE  ORIGINAL  CONCEPT  PLAN. 
OF  THE  TECHNIQUES  EVALUATED,  RESERVE  DISASSEMBLY 
INCINERATION  (BASELINE)  WAS  SELECTED.  THE 
CRYOFRACTURE/ INCINERATION  WAS  TO  BE  CONTINUED  IN 
RESEARCH  AND  DEVELOPMENT  AS  AN  AUGMENTATION 
POSSIBILITY.  THE  1994  COMPLETION  DATE  WAS  EXTENDED 
BY  THREE  YEARS  TO  1997.  THE  SCHEDULES  INCLUDED  A 
16  MONTH  OPERATIONAL  VERIFICATION  TEST  PHASE  AT  THE 
JACADS  FACILITY  ON  JOHNSTON  ISLAND.  THE  PLAN 
CALLS  FOR  STAGGERED  PLANT  CONSTRUCTION,  EQUIPPING, 
AND  OPERATION  AS  COMPARED  TO  THE  ORIGINAL  CONCEPT 
OF  CLONING  MADE  NECESSARY  BY  THE  MANDATED  1994  END 
DATE.  INCLUDED  IN  THE  PLAN  ARE  PROVISIONS  FOR 
FUNDING  EMERGENCY  PREPAREDNESS  BOTH  ON  THE 
INSTALLATION  AND  IN  THE  LOCAL  COMMUNITIES.  IT  ALSO 
PROVIDES  FOR  DEVELOPMENT  OF  AN  ON-SITE  TRANSPORTER 


TO  ENHANCE  SAFETY  WHILE  MOVING  THE  MUNITIONS  FROM 
THE  IGLOOS  TO  THE  DEMILITARIZATION  FACILITY.  AT 
THIS  TIME  CONGRESSIONAL  COMMITTEE  REPORTS  HAVE 
SUPPORTED  THE  IMPLEMENTATION  PLAN  TO  INCLUDE 
SCHEDULES  AND  PROGRAM  COSTS. 

THE  MOST  SIGNIFICANT  NEAR-TERM  ACTIONS  INVOLVE  THE 
CONSTRUCTION  OF  A  FULL-SCALE  BASELINE  PLANT  AT 
TOOELE  IN  FY  1989;  THE  CONSTRUCTION  OF  THE  CENTRAL 
TRAINING  FACILITY  AT  ABERDEEN  PROVING  GROUND  IN  FY 
1989;  THE  INITIATION  OF  ALL  SITE  SPECIFIC 
ENVIRONMENTAL  DOCUMENTATION  AND  SITE  SPECIFIC 
PERMITTING  ACTIVITIES;  AND  SITE  SPECIFIC  EMERGENCY 
PREPAREDNESS  PLANNING.  THERE  WILL  BE  THE 
ESTABLISHMENT  OF  I NTER - GOVERNMENTAL  CONSULTATION 
AND  COORDINATION  BOARDS  IN  A  TIERED  APPROACH  AT 
BOTH  THE  NATIONAL  AND  THE  INSTALLATION  LEVEL.  THE 
NATIONAL  ACADEMY  OF  SCIENCE,  NATIONAL  RESEARCH 
COUNCIL,  WILL  CONTINUE  THEIR  OVER  SIGHT  ROLE. 

WE  HAVE  TAKEN  A  SYSTEM  SAFETY/RISK  MANAGEMENT 
APPROACH  IN  OUR  PROGRAM  IN  ORDER  TO  ASSURE  MAXIMUM 
PROTECTION  FOR  THE  ENVIRONMENT,  THE  GENERAL  PUBLIC, 
AND  PLANT  WORKERS.  THIS  APPROACH  IS  NECESSARY 


BECAUSE  OF  THE  MAGNITUDE  AND  COMPLEXITY  OF  THE 
PROGRAM,  THE  SEVERITY  OF  THE  POTENTIAL  HAZARDS 
ASSOCIATED  WITH  HANDLING  AND  PROCESSING  A  MIX  OF 
LETHAL  AGENTS  AND  EXPLOSIVES,  AND  THE  TYPES  OF 
OPERATIONS  INVOLVED. 

OUR  SYSTEM  SAFETY  APPROACH  IS  TAILORED  FROM  THE 
SYSTEM  SAFETY  AND  RISK  MANAGEMENT  GUIDELINES 
CONTAINED  IN  MIL-STANDARD  882B  AND  DOD  INSTRUCTION 
8000.36.  THE  CENTRAL  THRUST  IS  A  SYSTEMATIC  METHOD 
FOR  IDENTIFICATION  AND  EVALUATION  OF  EVENT  HAZARD 
PROBABILITIES  AND  SEVERITIES  AND  TO  ELIMINATE  OR 
REDUCE  THE  ASSOCIATED  RISK  TO  AN  ACCEPTABLE  LEVEL. 

WE  HAVE  RECENTLY  COMPLETED  A  COMPREHENSIVE 
ASSESSMENT  OF  THE  RISK  THE  CSDP  PRESENTS  TO  THE 
PUBLIC  AND  THE  ENVIRONMENT.  THE  DESIGN  AND 
OPERATION  OF  EACH  OF  THE  EIGHT  CSDP  FACILITIES  WILL 
BE  SUBJECTED  TO  VIGOROUS  HAZARDS  ANALYSES  TO  INSURE 
MAXIMUM  PROTECTION  TO  THE  PUBLIC,  AND  ENVIRONMENT, 
AND  TO  OUR  WORKERS.  ADDITIONAL  ANALYSES  OF  JACADS 
OPERATIONS  ARE  SCHEDULED  TO  BE  COMPLETED  THIS  YEAR, 
PRIOR  TO  STARTUP  OF  THE  FACILITY. 
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WE  HAVE  COMPLETED  COMPREHENSIVE  ANALYSES  OF  OUR 
ONGOING  OPERATIONS  AT  THE  CHEMICAL  AGENT  DISPOSAL 
MUNITIONS  SYSTEM  (CAMDS)  AT  TOOELE  ARMY  DEPOT  IN 
UTAH,  AT  THE  BZ  DISPOSAL  FACILITY  AT  PINE  BLUFF 
ARSENAL,  ARKANSAS. 

THE  APPROACH  WE  USE  FOR  RISK  MANAGEMENT  IS 
DIFFERENT  THAN  THE  APPROACH  USED  WITHIN  DOD  FOR 
FACILITY  SITING  AND  CONSTRUCTING.  THE  ACCEPTED 
APPROACH  USED  WITHIN  DOD  IS  TO  FIRST  ASSUME  A 
MAXIMUM  CREDIBLE  EVENT  BASED  ON  A  MUNITION 
CONFIGURATION  AND  THEN  TO  PERFORM  A  DOWNWIND  HAZARD 
CALCULATION  USING  ACCEPTED  DISPERSION  MODELLING 
TECHNIQUES.  THE  CRITERIA  DEFINED  AS  ACCEPTABLE  IS 
LESS  THAN  1  PERCENT  OF  AN  OFF-POST  POPULATION 
EXPOSED  TO  THE  PLUME  BEING  KILLED  BY  THAT  EXPOSURE. 

OUR  APPROACH  TO  RISK  MANAGEMENT,  WHICH  HAS  BEEN 
ENDORSED  BY  THE  DEPARTMENT  OF  HEALTH  AND  HUMAN 
SERVICES,  STRESSES  THE  REDUCTION  OF  RISK  AND  NOT 
JUST  CONSEQUENCE  REDUCTION.  WE  ATTEMPT  TO  IDENTIFY 
ALL  POTENTIAL  ACCIDENT  SCENARIOS,  DEVELOP 
PROBABILITY  AND  CONSEQUENCE  ESTIMATES  FOR  THOSE 
SCENARIOS,  AND  ESTIMATE  HAZARD  DISTANCES  BASED  ON  A 


NO  DEATHS  RATHER  THAN  A  1  PERCENT  LETHALITY  DOSAGE.  WE 
TAKE  THIS  APPROACH  BECAUSE  IT  GIVES  US  A  GOOD  BASIS 
FOR  COMPARISON  OF  RISKS  AND  ALLOWS  US  TO 
CONCENTRATE  OUR  RESOURCES  WHERE  THEY  WILL  DO  THE 
MOST  GOOD  WITH  REGARD  TO  REDUCTION  OF  PUBLIC  RISK. 

WE  ALSO  TAKE  THIS  APPROACH  BECAUSE  THE  DEPARTMENT 
OF  HEALTH  AND  HUMAN  SERVICES  HAS  TAKEN  THE  POSITION 
THAT  WE  MUST  ANALYZE  BOTH  EVENT  PROBABILITIES  AND 
EVENT  CONSEQUENCES  WHEN  CONSIDERING  THE  IMPACT  OF 
OUR  PROGRAM  ON  PUBLIC  HEALTH  AND  SAFETY.  DHHS  HAS 
ALSO  STATED  THAT  THE  ACCEPTANCE  OF  1  PERCENT  LETHALITY  IS 
UNACCEPTABLE  TO  THEM,  AND  THAT  OUR  HAZARD  ARCS  MUST 
EXTEND  OUT  TO  THE  NO  DEATHS  DISTANCE. 

FOR  PURPOSES  OF  FACILITY  SITING,  HOWEVER,  WE  COMPLY 
WITH  THE  DOD  REQUIREMENTS  IN  THAT  WE  ASSUME  A 
MAXIMUM  CREDIBLE  EVENT,  DO  THE  DOWNWIND  HAZARD 
CALCULATIONS  OUT  TO  THE  1  PERCENT  LETHALITY  DISTANCE,  AND 
SUBMIT  OUR  SITE  PLANS  IN  ACCORDANCE  WITH  DEPARTMENT 
OF  DEFENSE  EXPLOSIVES  SAFETY  REQUIREMENTS. 

IN  THE  SPECIALIZED  SUBJECT  SESSIONS  THAT  WILL  OCCUR 
OVER  THE  NEXT  THREE  DAYS,  THERE  WILL  BE  ELEVEN 
PAPERS  PRESENTED  THAT  ARE  THE  RESULT  OF  SOME  OF  THE 
SAFETY  RELATED  ACTIVITIES  ASSOCIATED  WITH  THE 


CHEMICAL  DEMILITARIZATION  PROGRAM.  SEVERAL  OP  THE 
PRESENTATIONS  ARE  DIRECTLY  RELATED  TO  MY  COMMENTS  ! 

ON  RISK  MANAGEMENT,  BUT  I  THINK  YOU  WILL  FIND  ALL 
OUR  PRESENTATIONS  INTERESTING  AND  INFORMATIVE. 

COL  MURPHY,  I  THANK  YOU  FOR  THE  OPPORTUNITY  TO 
ADDRESS  THIS  GROUP.  I  AM  SURE  THAT  THIS  SEMINAR 
WILL  RESULT  IN  A  LOT  OF  USEFUL  INTERCHANGE  AMONG 
THE  PEOPLE  IN  THIS  ROOM  AND  THAT  THEY  WiLL  RETURN 
TO  THEIR  HOME  BASES  WITH  A  LITTLE  MORE  KNOWLEDGE 
AND  INSIGHT  INTO  SOLVING  SAFETY  PROBLEMS  ASSOCIATED 
WITH  AMMUNITION  AND  EXPLOSIVES  SAFETY. 


THANK  YOU. 


FRAGMENT  HAZARD  COMPUTER  PROGRAM 

(FRAGHAZ) 


by 

Frank  McCleskey 
Kilkeary,  Scott  and  Associates,  Inc. 
703-775-7210 


ABSTRACT 


The  Fragment  Hazard  Computer  Program  vas  developed  for  the  DOD  Explosives  Safety 
Board  to  provide  a  means  for  estimating  fragment  hazards  produced  by  the  inadvertent  detonation 
of  munitions  stacks.  It  is  written  in  FORTRAN  77  and  consists  of  almost  1000  lines  with  over 
200  variables.  The  fragmentation  data  used  are  derived  from  small-scale  arena  tests.  A  separate 
trajectory  is  calculated  for  each  recovered  fragment  using  Fourth-Order  Runge-Kutta  numerical 
procedures.  The  program  incorporates  a  true  three  dimensional  simulation.  Any  target  may  be 
simulated  which  can  be  approximated  by  a  rectangular  parallelepiped.  Wind,  altitude  and  fragment 
ricochet  are  included.  Monte  Carlo  and  Full  Factorial  options  are  provided.  For  the  Monte  Carlo 
option,  a  portable  Random  Number  Generator  is  included.  It  is  portable  in  the  sense  that ,  given 
the  same  seed,  the  same  sequence  of  random  numbers  can  be  produced  on  almost  any  computer. 
Output  includes  fragment  hazard  range  versus  number  of  munition  units  for  both  areal  number 
density  an  probability  of  hit  criteria.  An  important  aspect  of  the  program  is  the  ease  with  which  it 
can  be  modified  to  investigate  specific  problems  like  barricade  efficiency  and  fragment  hazards  to 
vehicles  on  Public  Traffic  Routes. 


FOREWORD 

The  INTRODUCTION  and  GENERAL  PROGRAM  DESCRIPTION  which  follow  were 
taken  verbatim  from  the  documentation  report  for  the  FRAGHAZ  computer  program.  As  such 
references  to  other  parts  of  the  documentation  report  have  been  retained  and  serve  to  indicate  the 
scope  of  the  report  For  copies  of  the  report  make  requests  to: 

Commander,  Naval  Surface  Warfare  Center 

Dahlgren,  Virginia  22448 

Atm:  Technical  Library  Code  E231 

Ask  for  the  following  title: 

McCleskey,  Frank,  Quantity  -  Distance  Fragment 
Hazard  Computer  Program  (FRAGHAZ).  NSWC  TR  87-59, 

February  1988,  UNCLASSIFIED 
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NSWCTR  87-59 


INTRODUCTION 


Historically,  hazards  from  stacks  of  explosive  ordnance  have  been  stated  in  terms  of  hazard  distance 
due  to  blast  overpressures.  These  hazard  distances,  presented  as  quantity  versus  distance  (QD  criteria),  have 
not  adequately  addressed  the  fragment  hazards.  The  fragment  hazards  were  specified  in  terms  of  specific 
number  of  weapons  and  were  derived  using  many  simplifying  assumptions.  As  a  result,  the  validity  of  these 
QD  criteria  have  always  been  questionable. 

The  Department  of  Defense  Explosives  Safety  Board  (DDESB)  decided  to  begin  detailed  studies  and 
experiments  concerning  the  hazards  posed  by  fragments  from  stacks  of  detonating  munitions  in  the  early 
1970s.  The  Naval  Surface  Warfare  Center  (NSWC)  was  requested  to  characterize  weapons  of  interest  to  the 
DDESB  and  to  establish  analytical  techniques  that  would  predict  the  fragment  hazards  for  stored  munitions. 

Many  fragmentation  experiments  were  conducted  and  a  number  of  predictive  analytical  techniques 
were  explored.  The  analytical  techniques  were  all  characterized  by  integral  and  differential  equations  whose 
solutions  would  provide  estimates  of  hazard  distances  for  fragmenting  munitions.  These  analytical 
approaches  suffered  from  the  need  to  restrict  the  number  of  variables  to  a  manageable  level.  As  a  result, 
many  variables  had  to  be  averaged  or  held  constant.  Many  conditions  such  as  wind,  ricochet,  and  variable 
drag  coefficient  had  to  be  ignored  to  make  the  equations  manageable. 

In  1981,  recognizing  the  limitations  of  the  analytical  methods,  a  new  approach  was  established  that 
had  the  promise  of  overcoming  the  restrictions  imposed  by  analytical  equations.  The  new  approach  relied  on 
numerical  procedures  where  as  many  equations  as  needed  could  be  solved  sequentially.  In  the  numerical 
procedure,  a  complete  trajectory  for  each  fragment  representing  a  particular  munition  is  calculated,  and 
hazard  calculations  made  when  the  trajectory  intersected  the  target.  These  numerical  procedures  are  often 
referred  to  as  MONTE  CARLO  or  FULL  FACTORIAL  procedures.  This  report  contains  the  description  of 
numerical  procedures  currently  established  for  predicting  the  hazards  from  fragmenting  munitions.  There  is 
a  general  description  designed  to  orien  c  the  reader  as  to  the  many  qualitative  aspects  of  the  procedure.  This 
is  followed  by  a  detailed  line-by-line  description  of  the  computer  code.  Supporting  this  thorough  description 
of  the  computer  code  is  a  number  of  appendices  containing  information  too  detailed  to  be  included  in  the  main 
body  of  the  report.  Such  things  as  glossaries,  mathematical  proofs,  program  listings,  and  example  problem? 
are  included  in  the  appendices. 

Although  future  changes  are  inevitable,  the  computer  program  has  advanced  to  a  stage  where  docu¬ 
mentation  is  warranted.  All  significant  factors  affecting  the  hazards  from  fragments  have  been  incorporated. 
The  program  is  coded  in  Microsoft  FORTRAN  77,  which  is  common  to  many  computers  ranging  from 
MICROS  to  MAIN  FRAMES.  FORTRAN  77  represents  a  compromise  between  BASIC  and  FORTRAN  IV. 
The  program  has  been  structured  to  minimize  running  time  such  that  it  can  be  run  practically  on  MICRO 
computers.  A  typical  run  on  the  IBM  PC-AT  using  compiled  FORTRAN  77  takes  approximately  6  hr, 
whereas  on  a  MAIN  FRAME  the  run  would  be  measured  in  minutes. 


39 


NSWCTR  87-59 


GENERAL  PROGRAM  DESCRIPTION 


The  QD  Fragment  Hazard  (FRAGHAZ)  Computer  Program  provides  a  method  for  predicting  the 
fragment  hazard  produced  by  the  detonation  of  munitions.  FRAGHAZ  requires  fragment  characteristic  data 
obtained  from  small-scale  tests  representative  of  larger  stacks  of  munitions.  In  the  case  of  155mm  projectiles, 
for  example,  the  small-scale  test  may  consist  of  one  or  more  pallets  (eight  projectiles  per  pallet)  positioned  and 
detonated  to  yield  a  representative  sample  of  fragment  data  from  an  entire  stack.  Full  trajectories  are  calcu¬ 
lated  for  each  fragment  recovered  in  the  small-scale  test.  Appropriate  calculations  are  made  during  the 
fragment  trajectory  to  establish  the  hazard  to  a  specified  target. 


STACK  FRAGMENTATION  CHARACTERISTICS 

Past  tests  have  demonstrated  that  virtually  all  the  fragments  going  downrange  are  produced  by  the 
munitions  (projectiles,  bombs,  ate.)  on  the  face  of  the  stack  toward  the  target  area.  Fragmentation  from  the 
ordnance  in  the  interior  of  the  stack  is,  for  the  most  part,  contained  within  the  stack.  When  a  stack  with  units 
close  together  is  detonated,  fragment  jets  are  produced  between  adjacent  munitions  on  the  face  of  the  stack. 
The  width  of  the  jet  depends  on  the  method  of  stack  initiation.  When  all  units  are  detonated  simultaneously, 
the  jet  is  typically  10  deg  wide.  If  only  one  or  two  donor  units  are  initially  detonated,  the  jet  width  is  more 
typically  20  to  30  deg.  Stack  detonation  by  donor  units  is  called  natural  communication  and  all  current 
testing  (presented  here)  uses  this  technique. 

The  jet  produced  between  adjacent  units  is  called  an  interaction  area.  The  greatest  fragment  densities 
and  highest  fragment  velocities  are  produced  within  the  interaction  areas.  For  safety  purposes,  the  frag¬ 
mentation  characteristics  of  the  interaction  areas  are  used  for  inpu*  to  the  computer  model.  The  interaction 
areas  overlap  at  relatively  short  distances  downrange  and  their  effects  can  therefore  be  added  to  represent 
the  cumulative  etfects  of  large  ammunition  stacks. 


HAZARD  CRITERIA 

The  FRAGHAZ  program  requires  that  hazard  criteria  be  specified  for  the  target  being  considered. 
Most  work  to  date  has  been  concerned  with  the  personnel  target.  The  DDESB  has  specified  the  following 
hazard  criteria  for  personnel: 

1.  Fragment  impact  kinetic  energy  of  at  least  58  ft-lb 

2.  Hazardous  fragment  areal  number  density  of  at  least  one  hazardous  fragment  per  600  ft2 

The  hazardous  fragment  areal  number  density  criterion  is  approximately  equivalent  to  a  hit 
probability  of  0.01  given  that  the  presented  area  of  a  man  is  considered  to  be  6.2  ft2.  Similar  criteria  must  be 
specified  for  other  targets  being  considered. 
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MONTE  CARLO  AND  FULL  FACTORIAL  OPTIONS 

FRAGHAZ  runs  under  a  MONTE  CARLO  or  FULL  FACTORIAL  option.  Both  options  provide 
methods  for  handling  the  uncertainty  associated  with  random  variables.  The  program  includes  seven 
random  variables  for  each  option: 

1.  Initial  fragment  elevation  angle 

2.  Initial  fragment  velocity 

3.  Fragment  drag  coefficient 

4.  Height  of  the  fragment  trajectory  origin  above  the  ground  surface 

5.  Soil  constant  for  ricochet 

6.  Wind  speed 

7.  Altitude  of  the  ammunition  stack  site 

The  first  three  random  variables  have  to  do  with  the  specific  characteristics  of  each  fragment.  The 
remaining  four  variables  are  more  like  background  conditions. 

The  following  analogous  terms  are  associated  with  the  two  options: 

MONTE  CARLO  FULL  FACTORIAL 

Variable  Factor 

Value  Level 

Replication  Treatment 

In  the  MONTE  CARLO  procedure  a  variable  is  any  one  of  the  random  variables  listed  above,  in  the 
FULL  FACTORIAL  option,  these  random  variables  are  called  factors.  Likewise,  value  and  level  pertain  to 
any  single  value  for  any  single  random  variable.  Replication  and  treatment  are  also  essentially  synonymous, 
and  are  explained  in  the  following. 

In  the  MONTE  CARLO  option,  each  replication  represents  a  simulation  of  a  full-scale  test.  For 
example,  suppose  there  were  250  fragments  recovered  in  a  small-scale  test  representing  a  particular 
munition.  Each  random  variable  associated  with  the  fragments  would  have  a  known  or  assumed  range  of 
uncertainty.  Random  numbers  are  then  used  to  designate  a  particular  value  for  each  random  variable. 
Trajectories  would  be  calculated  for  each  of  the  250  fragments  with  an  effective  number  of  fragments 
associated  with  each  trajectory  commensurate  with  the  full-scale  stack.  Hazardous  intersections  with  the 
target  would  be  recorded  and  accumulated  in  the  program.  This  would  constitute  one  replication.  Because  of 
the  uncertainty  in  the  random  variables,  this  would  constitute  only  one  possible  outcome  for  the  full-scale 
ammunition  stack  under  consideration.  As  a  result  a  second  replication  would  be  conducted  using  a  new  set 
of  random  numbers  to  define  new  values  for  the  random  variables.  A  new  outcome  would  be  produced  and 
would  be  recorded  and  accumulated  along  with  the  outcome  of  the  first  replication.  This  procedure  would 
continue  until  the  outcomes  of  as  many  as  60  replications  were  recorded  and  accumulated.  At  that  time  the 
program  calculates  the  desired  hazard  statistics  from  the  hazard  data  in  each  replication.  These  final 
statistics  can  be  in  the  form  of  averages,  minima,  maxima,  percentiles,  etc.  If  there  were  250  fragments  and 
60  replications,  then  the  program  would  have  to  calculate  250  x  60  ■=  15000  complete  trajectories.  Trajectory 
calculations  consume  about  90  percent  of  the  program  running  time.  The  remaining  10  percent  is  taken  up 
with  bookkeeping  (recording  and  accumulating  hazard  data)  and  output  calculations. 

The  FULL  FACTORIAL  option  differs  from  the  MONTE  CARLO  option  only  in  the  way  the  values  of 
the  random  variables  are  selected.  In  the  MONTE  CARLO  option,  if  we  had  60  replications,  then  60  different 
values  for  each  random  variable  for  a  particular  fragment  would  be  selected.  For  example,  suppose  a  single 
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simulate  the  downrange  hazard  volume.  A  hazardous  fragment  is  only  of  concern  when  its  trajectory  lies 
within  the  pie-shaped  hazard  volume.  The  height  of  the  sector  is  equal  to  the  height  of  the  target  selected.  In 
Figure  1,  this  height  is  shown  for  a  personnel  target.  Th? angular  width  of  the  sector  is  typically  10  deg.  This 
value  has  been  selected  to  match  the  10-deg  sector  width  used  in  the  fragment  pickup  from  full-scale  tests.  In 
this  way,  one  can  compare  the  program  predictions  with  actual  pickup  test  data  to  gage  the  validity  of  the 
computer  model.  The  hazard  volume  is  divided  into  100-ft  segments  from  zero  to  the  maximum  range  spec¬ 
ified  for  the  program  calculations.  Without  wind,  the  maximum  calculated  range  is  on  the  order  of 4800  ft. 

All  calculations  of  fragment  numbers,  fragment  density,  and  probabilities  of  hit  are  made  with  reference  to 
these  100-ft  segments.  Later  in  the  simulation,  the  results  in  each  100-ft  segment  may  be  combined  to  yield 
results  for  200, 300,  and  400-ft  increments.  These  larger  increments  sometimes  assist  in  plotting  and 
interpreting  the  output  data. 


FIGURE  1.  STACK  FRAGMENTATION  SIMULATION 
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FRAGMENT  TRAJECTORY 

Figure  2  shows  a  more  detailed  picture  of  the  fragment  trajectory.  Wind  is  included  as  a  two- 
dimensional  velocity  vector,  which  can  have  both  range  and  cross-range  components.  There  is  no  vertical 
component  to  the  wind  vector,  since  this  is  seldom  reported  in  practice.  The  wind,  therefore,  is  always 
contained  in  a  horizontal  plane  at  the  point  of  calculation.  The  origin  of  the  trajectory  is  at  a  designated 
height  selected  by  the  MONTE  CARLO  or  FULL  FACTORIAL  option.  The  trajectory  is  calculated  using  a 
fourth-order  Runge-Kutta  routine.  Calculations  can  be  made  in  three  dimensions  with  the  effects  of  wind 
included.  The  Runge-Kutta  routine  requires  only  initial  conditions  for  fragment  velocity  and  elevation  angle 
at  the  origin.  These  conditions  are  obtained  from  small-scale  arena  tests  of  the  munition  being  considered. 
Each  point  along  the  trajectory  is  calculated  from  the  conditions  existing  at  the  previous  point.  The  velocity 
and  trajectory  angle  are  computed  at  each  point.  When  the  trajectory  is  within  the  hazard  volume,  the 
kinetic  energy  of  the  fragment  is  calculated  and  compared  with  the  hazard  kinetic  energy  criterion  to 
determine  whether  the  fragment  is  hazardous  or  not.  The  trajectory  angle  is  used  in  subsequent  fragment 
density  and  probability  of  hit  calculations.  Range,  cross-range,  and  distance  are  computed  and  are  used  for 
associating  the  hazard  to  a  particular  100-fl-hazard  segment.  Currently,  the  initial  fragment  velocity  vector 
is  constrained  to  the  vertical  X- Y  plane.  However,  since  the  model  uses  a  true  three-dimensional  routine, 
there  is  complete  three-dimensional  freedom  for  establishing  the  initial  conditions.  Trajectory  calculations 
are  made  for  each  fragment  recovered  in  the  small-scale  arena  test. 

A  tail  wind  has  three  adverse  effects  on  hazard  conditions.  First,  a  tail  wind  will  increase  the  range  of 
a  fragment.  Second,  it  will  increase  the  striking  velocity  of  a  fragment  thereby  increasing  its  hazard  to  the 
target.  Third,  a  tail  wind  will  decrease  the  angle  of  strike  thereby  increasing  the  presented  area  of  a  target 
with  a  large  vertical  dimension  (a  man  for  example).  The  increased  presented  area  results  in  larger 
probabilities  of  hit.  The  increased  range  due  to  a  tail  wind  is  approximately  equal  to  the  time  of  flight 
multiplied  by  the  wind  speed.  In  the  far  range  where  the  time  of  flight  can  be  approximately  10  sec,  a  tail 
wind  speed  of  50  ft/s  will  result  in  a  range  increase  of  about  500  ft. 


WIND 


CROSSRANGE 


Ve  :  KE  = 


FIGURE  2.  FRAGMENT  TRAJECTORY 
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Figure  3  shows  the  two  types  of  trajectories  considered  in  the  FRAGHAZ  model.  The  normal  or  non¬ 
ricochet  trajectory  has  been  considered  previously.  The  ricochet  trajectory  is  based  on  experiments  conducted 
by  the  Ballistic  Research  Laboratories  at  Aberdeen,  Maryland,  in  the  late  1960s.1  In  both  types  of 
trajectories  the  points  at  which  the  fragment  strikes  the  '•/round  and  either  enters  or  leaves  the  hazard 
volume  (large  dots  in  Figure  3)  are  accurately  calculates  in  the  model.  This  permits  the  hazard  data  to  be 
definitely  associated  with  the  proper  100-ft  hazard  segment.  When  a  fragment  impacts  the  ground,  its  impact 
angle  is  compared  with  a  critical  ricochet  angle  to  determine  whether  the  fragment  will  ricochet.  The  critical 
ricochet  angle  is  dependent  on  the  type  of  soil .  Once  it  is  determined  that  the  fragment  will  ricochet,  the 
angle  and  velocity  of  ricochet  are  determined  from  the  incident  angle  and  velocity  together  with  the  effect  of 
soil  type. 

Since  ail  the  dynamic  characteristics  of  the  fragment  are  known  at  each  point  calculated  in  the  Runge- 
Kutta  routine,  all  fragment  hazard  data  can  be  calculated  at  each  point.  When  more  than  one  point  is 
contained  in  a  100-ft  hazard  increment,  averages  are  used  to  determine  the  hazard  data  for  the  increment. 


NONRICOCHET 


600 

DISTANCE  (FT) 

FIGURE  3.  TYPES  OF  TRAJECTORIES 


HAZARD  CALCULATIONS 

Figure  4  shows  how  hazard  density  and  hazard  probability  of  hit  are  calculated  for  a  personnel  target. 
The  number  of  hazardous  fragments  (Nf)  is  dependent  on  the  number  of  ordnance  units  on  the  face  of  the 
stack  toward  the  target  area.  Since  the  trajectories  are  calculated  point  by  point,  the  100-ft  hazard  volume 
increment  through  which  the  trajectory  is  passing  can  be  determined.  The  fragment  mass  and  velocity  are 
also  known  at  each  point  and,  therefore,  it  can  be  determined  whether  the  fragment  possesses  sufficient 
kinetic  energy  to  exceed  the  hazardous  kinetic  energy  criterion.  After  the  fragment  has  been  determined 
hazardous,  the  presented  areas  of  the  target  (represented  as  a  parallelepiped)  and  r  'the  total  volume  of  the 
lOO-ft  hazard  volume  segment  can  be  calculated  in  the  plane  perpendicular  to  the  fragment  trajectory.  This 
can  be  done  because  the  trajectory  angle  with  respect  to  the  horizontal  is  calculated  at  each  point  along  the 
trajectory.  Once  the  presented  areas  are  known,  the  density  and  probability  of  hit  can  be  calculated  using  the 
formulas  shown  in  Figure  4. 


IReches,  M.,  Fragment  Ricochet  Off  Homogeneous  Soils  and  Its  Effects  on  Weapon  Lethality  (U),  Army 
Material  Systems  Analysis  Agency  Technical  Memorandum  No.  79,  August  1970  (CONFIDENTIAL). 
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Usually  all  fragments  less  than  300  grains  are  eliminated,  since  they  seldom  reach  and  are  usually 
nonhazardous  in  the  far-field.  The  upper  bound  of  the  polar  zone  is  listed  under  Polar  Angle.  In  this  case,  the 
polar  zones  are  10-deg  wide.  A  polar  angle  of  70  deg  identifies  the  60  to  70-deg  polar  zone.  The  lower  limit  of 
the  10-deg  elevation  zone  used  in  the  program  is  equal  to 


where 


EA  =  90  -  PA 


EA  =  Lower  angle  of  elevation  zone 

PA  =  Upper  angle  of  polar  zone 

A  60  to  70-deg  polar  zone  would  therefore  be  associated  with  the  20  to  30  deg  elevation  zone  as 
measured  from  the  horizontal.  A 100  to  1 10-deg  polar  zone  would  be  associated  with  the  -20  to  -10-deg 
elevation  zone.  Currently  the  maximum  critical  ricochet  angle  i3  about  20  deg  and,  therefore,  collection  of 
fragments  in  polar  zones  greater  than  110  deg  is  not  necessary.  In  anticipation  of  possible  future  changes, 
tests  have  been  designed  to  collect  fragments  to  the  130-deg  polar  angle. 

The  fragment  weight  is  measured  by  a  scale  and  used  in  kinetic  energy  and  A/M  ratio  calculations. 

The  velocity  is  the  average  initial  velocity  for  a  particular  10-deg  polar  zone.  As  such,  all  fragments  from  the 
same  polar  zone  have  the  same  average  initial  velocity. 

The  A/M  ratio  is  used  in  the  drag  equation.  It  is  the  ratio  of  the  average  presented  area  (in.  2)  to  the 
weight  (lb)  of  a  fragment. 

The  Presented  Area  Ratio  is  the  maximum  presented  area  divided  by  the  average  presented  area  of  the 
fragment  This  ratio  correlates  with  the  low  subsonic  (M  =  0.1)  drag  coefficient.  By  using  this  ratio,  the 
uncertainty  in  the  drag  coefficient  for  a  fragment  can  be  reduced  by  about  40  percent  as  explained  under 
FUTURE  IMPROVEMENTS  (Drag  Coefficients)  in  the  DETAILED  PROGRAM  DESCRIPTION 
SECTION. 


OUTPUT 

There  are  three  basic  outputs  for  the  program:  Number  of  Final  Ground  Impacts  versus  Distance, 
Hazard  Density  and  Probability  of  Hit  versus  Distance,  and  Number  of  Units  Required  to  exceed  the  density 
and  P-Hit  Hazard  Criteria  versus  Distance. 

Number  of  Final  Ground  Impacts  Versus  Distance 

Suppose  we  have  250  fragments  representing  the  munition  and  we  use  60  replications  or  treatments. 
For  the  first  replication  or  treatment,  the  250  fragments  will  come  to  rest  in  a  set  of  100-ft  hazard  segments. 
On  the  subsequent  replication,  the  250  fragments  will  come  to  rest  with  a  different  distribution  because  of  the 
different  values  used  for  the  input  variables.  We  will  end  up  with  60  different  distributions  of  final  ground 
impacts  from  ricochet  and  nonricochet  fragments.  The  60  values  for  each  100-fi  hazard  segment  are  then 
sorted  from  the  smallest  to  the  largest  numbers.  The  first  value  in  the  sorted  numbers  becomes  the  minimum 
number  of  final  ground  impacts  for  the  particular  100- ft  hazard  segment  being  considered.  Likewise  the  60th 
value  is  the  maximum  number.  Adding  ail  60  values  and  dividing  the  sum  by  60  yields  the  average  number 
of  final  ground  impacts  for  the  associated  100-ft  hazard  increment.  The  minimum  and  maximum  number  are 
compared  with  actual  ground  pickup  from  full-scale  tests.  If  the  predictive  capability  of  the  program  is  valid, 
then  the  actual  number  of  fragments  picked  up  in  a  full-scale  test  (analogous  to  one  replication  or  treatment) 
should  fall  within  the  maximum  and  minimum  limits  predicted  by  the  program.  Currently  two  such  compar¬ 
isons  are  available.  Figures  5  and  6  show  this  comparison  for  155mm  projectiles  and  Mk  82  GP  Bombs, 
respectively.  The  comparisons  support  the  contention  that  the  predictive  capabilities  of  the  program  are 
valid. 
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Hazard  Density  and  Probability  of  Hit 

These  quantities  are  handled  similar  to  the  number  of  Final  Impacts.  Assuming  60  replications  or 
treatments,  there  will  be  density  and  probability  of  hit  entries  in  each  100-ft  hazard  segment  for  each 
replication  or  treatment.  By  sorting  from  smallest  to  largest,  we  may  establish  minimum,  maximum,  and 
average  values.  In  calculating  these  quantities,  only  those  fragments  exceeding  the  kinetic  energy  criterion 
are  used. 


An  additional  hazard  measure  is  used  in  calculating  hazard  density  and  probability  of  hit.  This 
measure  is  called  a  percentile  value.  The  percentile  measurement  may  be  thought  of  as  a  confidence  level.  If 
we  were  to  use  a  90th  percentile  value,  one  could  understand  this  to  mean  that  we  would  be  90  percent 
confident  that  the  hazard  densities  and  probabilities  of  hit  would  not  exceed  the  values  listed.  The  90th 
percentile  value  will  have  10  percent  of  the  distribution  above  it.  For  example,  after  sorting  the  60  values  at 
a  particular  100-ft  hazard  segment,  the  54th  largest  would  be  the  90th  percentile  value. 

Number  of  Units  to  Exceed  the  Hazard  Criterion 


These  data  are  used  primarily  for  establishing  the  hazard  ranges  versus  number  of  units  for  stacked 
munitions  of  interest  to  the  DDESB.  Two  tables  are  output,  one  based  on  the  hazard  density  criterion  and  one 
based  on  the  hazard  probability  of  hit  criterion.  Table  2  is  an  example  of  the  output  table  based  on  the  hazard 
density  criterion.  The  number  of  units  required  is  equal  to  the  hazard  density  criterion  (one  hazardous  fragment 
per  600  ft2)  divided  by  the  hazard  density  for  one  unit.  Note  the  reciprocal  nature  of  the  calculation;  the  higher 
the  hazard  density  the  less  the  number  of  units  required  and  the  greater  the  hazard.  Only  the  90th  percentile 
column  is  shown;  the  other  columns  would  have  analogous  entries. 
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FIGURE  5.  ACTUAL  VERSUS  PREDICTED  RECOVERY  DATA 
FOR  38  PALLETS  OF  155MM  PROJECTILES 
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FIGURE  6.  ACTUAL  VERSUS  PREDICTED  RECOVERY 
DATA  FOR  A  SINGLE  PALLET  OF  MK  82  BOMBS 


TABLE  2.  NUMBER  OF  UNITS  REQUIRED  TO  JUST 
EXCEED  THE  HAZARD  DENSITY  CRITERION 


Range 


Minimum 


90% 


50% 


Maximum 
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Note  that  the  range  (distance)  is  given  as  the  midpoint  of  each  100-ft  hazard  segment  and  is  ready  for 
plotting.  Four  columns  of  data  are  provided,  one  each  for  the  minimum,  selected  percentile,  50th  percentile, 
and  maximum  number  of  units  required  to  just  exceed  th  e  hazard  density  criterion.  From  a  practical 
standpoint,  each  column  of  numbers  can  present  a  problem  of  interpretation.  For  example,  the  entry  at  850  ft 
is  27.35  and  the  entry  at  950  ft  is  20.41.  This  leads  to  a  contradiction  from  a  safety  standpoint  even  though 
the  entries  are  quite  plausible.  The  lesser  number  of  units  required  at  the  greater  range  implies  that  when 
we  add  units  to  a  stack,  the  hazard  range  can  decrease.  Since  20.41  is  contained  in  27.35,  the  20.41  number 
should  predominate  and  the  27.35  point  should  be  eliminated.  A  systematic  way  of  going  about  point 
elimination  is  to  start  at  the  top  of  the  table  and  go  down  point  by  point.  At  each  point,  look  back  and  if  any 
previous  points  are  equal  to  or  greater  than  the  point  you  are  at  then  eliminate  those  points.  Continue  down 
in  this  way  until  you  run  out  of  points  or  all  succeeding  points  are  999999.00.  The  999999.00  points  indicate 
no  hazard;  that  is,  no  hazardous  fragments  are  in  those  100-ft  hazard  segments.  When  you  are  finished,  you 
should  have  a  set  of  points  that  are  constantly  getting  bigger  with  range.  Figure  7  shows  both  retained  and 
eliminated  points  plotted  versus  hazard  distance.  If  lines  are  drawn  connecting  the  retained  points,  we  form 
an  upper  bound.  This  upper  bound  can  be  somewhat  erratic  owing  to  the  uncertain  input  data  and  the  many 
non-linear  relationships  associated  with  trajectory  calculations.  A  regression  curve  may  be  calculated  using 
the  retained  points.  A  practical  equation  form  for  regression  is: 

R  =  A.+AJnN  +  AJn2N 

.  1  «  d 

where 

R  =  Range  or  distance 

N  =  N umber  of  units  required 

In  =  Natural  log 

Ai  Aj  A3  =  Constants  determined  by  regression 

A  regression  program  listing  is  contained  in  Appendix  A.  Figure  7  shows  the  regression  curve  for  the 
retained  points  in  Table  2. 


SUMMARY 

The  FRAGHAZ  computer  model  provides  a  flexible  tool  for  predicting  the  fragment  hazards  of  stacks  of 
ammunition.  The  program  has  the  inherent  capability  of  considering  the  multidimensional  problem  posed  by 
fragmentation  hazards.  The  program  has  more  than  200  variables.  Its  modular  characteristics  make  it 
relatively  easy  to  modify  for  specific  problems  like  barricade  effectiveness  and  public  traffic  route  studies. 

The  essential  characteristics  of  the  program  are  as  follows: 

-  MONTE  CARLO  and  FULL  FACTORIAL  options 

-  Individual  three-dimensional  fragment  trajectories 

-  Two-dimensional  wind  vectors  (horizontal  plane) 

Fourth  order  Runge-Kutta  trajectory  calculations 
Fragment  ricochet  included 

Incorporates  three-dimensional  targets 

Can  use  different  hazard  criteria 

Air  density  and  aound  speed  a  function  of  altitude 

Storage  sites  may  be  at  different  altitudes 

Drag  coefficient  a  function  of  the  fragment  presented  area  ratio  and  Mach  number 
Predicts  distribution  of  final  fragment  impacts  in  the  ground  plane 

Predicts  hazard  density,  and  probability  of  hit  as  a  function  of  range  for  different  hazard  levels 
(MIN,  PCT,  50tn  PCT,  MAX) 

-  Predicts  hazard  distance  values  for  different  hazard  levels  (MIN,  PCT,  50th  PCT,  MAX)  as  a 
function  of  number  of  units  required  in  terms  of  two  hazard  criteria,  density  and  probability  of  hit 
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fragment  had  an  elevation  angle  somewhere  between  20  and  30  deg  as  determined  in  the  small-scale  test.  We 
would  only  know  that  the  fragment  elevation  was  between  these  two  limits  and  not  its  exact  value.  For  each 
replication  we  would  use  a  random  number  to  specify  the  exact  value  of  the  elevation  angle  for  that  particular 
fragment;  that  is,  60  different  angles  between  20  and  30  deg.  In  the  FULL  FACTORIAL  option,  only  a  few 
levels  would  be  specified.  For  example,  taking  three  random  variables  (factors)  -  elevation  angle,  height  of 
origin,  and  drag  coefficient,  the  levels  might  be  specified  as  follows: 

FACTOR  LEVELS 

E  0.1, 0.5, 0.9 

H  0.5 

CD  0.1, 0.9 

The  levels  represent  the  percent  up  from  the  minimum.  In  the  previous  example,  the  elevation  angle 
for  the  fragment  was  known  to  be  between  20  and  30  deg.  The  levels  being  0.1, 0.5, 0.9  the  corresponding 
angles  to  be  considered  in  the  FULL  FACTORIAL  option  would  be  21, 25  and  29  deg.  These  would  be  the  only 
angles  considered.  The  treatments  would  be  all  the  combinations  of  the  three  factor  levels  as  presented 
below: 

TREATMENT  FACTOR  LEVELS 

1  E(0.1),H(0.5),CD(0.1) 

2  E  (0.1),  H  (0.5),  CD  (0.9) 

3  E  (0.5),  H  (0.5),  CD  (0.1) 

4  E  (0.5),  H  (0.5),  CD  (0.9) 

5  E  (0.9),  H  (0.5),  CD  (0. 1) 

6  E  (0.9),  H  (0.5),  CD  (0.9) 

The  number  of  treatments  is  equal  to  the  product  of  the  number  of  factor  levels,  3  x  1  x  2  =  6.  Since  H 
has  only  one  level,  it  is  constant  throughout  the  procedure.  This  might  be  the  case  if  we  knew  from  previous 
experience  that  the  outcome  was  insensitive  to  this  variable.  Again,  trajectories  would  be  calculated  for  all 
250  fragments  for  each  treatment  using  the  factor  level  combinations  given  above.  The  recording, 
accumulating,  and  output  would  be  calculated  in  the  same  way  as  for  the  MONTE  CARLO  option. 

Each  of  the  calculation  options  has  its  strengths  and  weaknesses.  The  nature  of  the  problem  being 
considered  will  usually  dictate  the  choice.  The  program  as  written  in  this  report  uses'a  personnel  target. 
However,  with  modification,  the  FRAGHAZ  program  has  been  used  to  evaluate  barricades  and  compute 
probability  of  hit  for  vehicles  moving  on  a  public  traffic  route. 


HAZARD  VOLUME 

Figure  1  shows  the  essential  elements  of  the  model.  Since  interaction  areas  overlap  at  relatively  short 
distances  downrange,  all  fragments  are  assumed  to  emanate  from  a  verticat  line  at  the  center  of  the  stack. 
The  height  of  the  vertical  line  is  made  consistent  with  the  typical  stack  height  of  the  ordnance  under 
consideration.  The  height  at  which  an  individual  fragment  originates  is  selected  randomly  for  the  MONTE 
CARLO  option  and  at  specific  levels  for  the  FULL  FACTORIAL  option.  A  pie-shaped  sector  is  used  to 
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E77ECTXVE  UTILIZATION  07  TBS 
QUANTITY  DISTANCE  MODEL  FRAGHAZ 
by 

W.  D.  Smith 

Advanced  Technology,  Inc. 


INTRODUCTION 


The  Department  of  Defense  Explosives  Safety  Board  (DDESB)  has 
funded  a  continuing  study  of  the  quantity  distance  (QD)  requirements 
for  Class  1/  Division  1  ammunition  (mass  detonating) .  The  focus  of 
this  effort  has  been  on  M107  155mm  projectiles  and  Mk82  bombs. 
Small-scale  arena  tests  and  large-scale  multiple  pallet  detonation 
tests  demonstrated  that  the  far-field  fragment  density  is  directly 
proportional  to  the  number  of  units  in  the  side  of  the  stack  facing 
the  collection  areal. 2.  This  combined  test  and  analysis  effort  lead 
to  the  development  of  a  Monte  Carlo  simulation  model  (FRAGHAZ)3 
which  uses  fragmentation  characterization  data  (ejection  angle, 
velocity,  mass  and  presented  area)  and  a  three  dimensional  particle 
trajectory  routine  to  predict  the  far-field  fragment  density.  The 
minimum  and  maximum  fragment  density  predicted  by  FRAGHAZ  for  M107 
155mm  projectile  pallets  and  Mk82  bomb  pallets  fragmentation  data  is 
compared  to  actual  test  data  in  Figures  1  and  2.  *  It  can  be  seen 
that  the  FRAGHAZ  model  accurately  brackets  the  far-field  fragment 
density  recorded  on  the  actual  multiple  pallet  tests.  Based  upon 
these  results  the  model  was  considered  "validated" . 

This  paper  discusses  the  utilization  of  the  FRAGHAZ  model  to: 

a.  predict  QD  requirements  for  mass  detonating  and  non-mass 
detonating  ammunition. 

b.  evaluate  potential  changes  in  current  DDESB  hazard  criteria 
(fragment  kinetic  energy  and  density) . 

c.  evaluate  using  probability  of  hit  criteria  for  personnel 
using  the  DDESB  hazardous  fragment  criterion. 

In  addition,  other  potential  applications  of  the  program  and  future 
studies  will  be  presented. 


QUANTITY  DISTANCE  REQUIREMENTS 


Mass  Detonating  Ammunition 

The  FRAGHAZ  model  calculates  QD  requirements  based  upon  the 
predicted  far-field  fragment  density,  the  terminal  ballistics  of  the 
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fragments  and  the  DDESB  hazard  criteria  (kinetic  energy  >=58  ft-lbf 
and  one  fragment  per  600  sq  ft.).  The  QD  requirements  are  provided 
as  the  number  of  units  <NP)  in  the  face  of  the  stack  toward  the 
collection  area.  Figure  3  presents  a  comparison  of  the  QD 
requirements  for  M107  155mm  projectiles,  Mk82  bombs  and  Mk64  5in/54 
projectiles.  It  can  be  seen  that  the  model  predicts  that  Np  reaches 
infinity  as  the  range  approaches  3000  ft  for  155mm  projectiles, 
3500  ft  for  Mk82  bombs  and  ft  for  Mk64  5in/54  projectiles.  This  is 
apparently  related  to  the  limits  of  fragment  flight  provided  by 
gravity,  drag  and  fragment  ricochet .  The  current  DDESB  QD 

requirement  for  Class  1,  Division  1  ammunition  is 

R  =  40W1/3  (1) 

where  R  =  range  in  ft 

W  =  weight  of  explosive  in  the  stack  in  lbs 

Substituting  the  predicted  maximum  ranges  for  each  ammunition  in 
equation  (1)  and  calculating  the  allowed  W  results  in  the 
comparison  of  the  existing  DDESB  QD  requirement  and  the  FRAGHAZ 
predictions  in  Table  1. 


Non-Mass  Detonating  Aaaunition 


The  QD  requirements  for  Class  1,  Division  2  ammunition  are 
currently  being  studied  using  the  FRAGHAZ  model.  The  Ml  105mm 
projectile  and  the  40mm  AA  cartridge  are  being  used  as  the  test 
units.  These  ammunition  do  not  detonate  enmasse,  but  rather 
progressively  when  exposed  to  the  thermal  environment  of  a  fire. 
Consequently,  the  test  effort  required  for  these  ammunition  is  based 
upon  the  DDESB  bon-fire5  procedure.  The  present  data  base  contains 
large-scale  multiple  pallet  detonating  tests  (up  to  36  pallets)  with 
far-field  fragment  recovery  for  both  the  105mm  and  40mm  ammunition6 
and  a  small-scale  fragmentation  arena  of  single  105mm  projectile7. 
This  data  is  being  analyzed  to  determine  if  the  FRAGHAZ  model  can 
accurately  bracket  the  far-field  fragment  recovery  observed  on  the 
multiple  pallet  tests.  It  is  currently  uncertain  whether  the  basic, 
underlying  assumption  of  the  FRAGHAZ  model  that  the  far-field 
fragment  density  is  directly  proportional  to  the  number  of  units  in 
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the  face  of  the  stack  is  valid.  Additional  analysis  is  required  to 
determine  what  modifications  are  required  to  validate  the  model  for 
non-mass  detonating  ammunition. 


HAZARD  CRITERIA 
fragment  Kinetic  Energy 

Figure  4  presents  a  comparison  of  the  QD  requirements  for  M107 
155mm  projectiles  using  the  existing  DDESB  kinetic  energy  criteria 
of  58  ft-lbf  and  10  ft-lbf.  The  density  requirement  was  maintained 
at  one  fragment  per  600  sq  ft.  It  can  be  seen  that  this  increases 
the  maximum  range  by  approximately  1150  ft  <3000  ft  for  58  ft-lbf 
and  4150  ft  for  10  ft-lbf)  .  In  addition,  a  fewer  number  of 
projectiles  in  the  face  of  the  stack  is  required  to  reach  the 
maximum  range.  Similar  results  can  be  generated  for  the  Mk82  bomb 
and  Mk64  5in/54  projectile. 

fragment  Density 

Figure  5  presents  a  comparison  the  the  QD  requirements  for  the 
M107  155mm  projectile  using  the  current  DDESB  density  requirement  of 
one  fragment  per  600  sq  ft  and  one  fragment  per  6000  sq  ft.  The 
kinetic  energy  criteria  was  58  ft-lbf  for  both  cases.  It  can  be 
seen  that  the  density  criteria  does  not  significantly  increase  the 
maximum  range  (approximately  600  ft.  increase) .  It  is  also  apparent 
that  a  fewer  number  of  projectiles  in  the  face  of  the  stack  is 
required  to  reach  the  maximum  range. 

Probability  of  Hit 

Figure  6  presents  a  comparison  of  the  QD  requirements  for  155mm 
projectiles  using  a  1%  probability  of  hitting  a  standing  man  (90th 
percentile  dimensions)  and  the  existing  DDESB  criteria  (KE>=58  ft- 
lbf,  one  fragment  per  600  sq  ft)  .  It  is  apparent  that  there  is 
little  difference  between  the  QD  requirements  for  these  two  criteria 
and  that  the  use  of  a  probability  of  hit  criterion  would  not 
increase  the  maximum  range  requirement  for  155mm  projectiles. 

Wind  Affect 

Figure  7  demonstrates  the  effect  of  a  tail  wind  on  the  QD 
requirements  for  155mm  projectiles.  The  data  show  that  a  60mph 
tail  wind  will  increase  the  maximum  range  by  approximately  750  ft 
and  significantly  increases  the  requirements  for  smaller  stacks. 
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CONCLUSIONS 


The  FRAGHAZ  model  is  an  excellent  predictor  of  the  far-field 
fragment  density  produced  by  the  detonation  of  stacks  of  mass 
detonating  ammunition.  It  can  be  used  to  generate  QD  requirements 
for  Mass  Detonating  (Class  1,  Division  1)  ammunition.  The  model  is 
being  evaluated  as  a  predictor  of  the  far-field  fragment  density 
produced  by  the  detonation  of  105mm  projectiles  in  a  bon-fire. 
Additional  analysis  and  testing  will  be  required  to  validate  the 
model  for  non-mass  detonating  ammunition. 

The  FRAGHAZ  model  is  a  useful  tool  for  evaluating  the 
sensitivity  of  QD  requirements  to  changes  in  hazard  criteria.  The 
model  can  easily  calculate  the  effects  of  fragment  kinetic  energy, 
fragment  density,  probability  of  hitting  a  target  and  tail  winds  on 
the  QD  requirements. 
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Figure  1 

Comparison  of  Predicted  and  Actual  Fragment 
Recovery  Data  for  36  Pallets  of  155mm  Projectiles 
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Figure  2 

Comparison  of  Predicted  and  Actual  Fragment 
Recovery  Data  for  One  Pallet  of  Mk82  Bombs 
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Figure  3 

Comparison  of  QD  Requirements  for  M107  155mm  Projectiles, 
Mk82  Bombs  and  Mk64  5in/54  Projectiles 
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Figure  4 

Comparison  of  the  Effect  of  Kinetic  Energy  Criteria 
on  the  QD  Requirments  for  155mm  Projectiles 
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Figure  5 

Comparison  of  the  Effect  of  Density  Criterion 
on  the  QD  Requirements  for  155mm  Projectiles 
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Figure  6 

Comparison  of  Fragment  Density  and  Probability 
of  Hit  Criteria  on  QD  Requirements  for 
155mm  Projectiles 


STORAGE  0?  MIXED  MUNITIONS  IN  CONEX  CONTAINERS 


WILLIAM  LAWRENCE 
BALLISTIC  RESEARCH  LABORATORY 
ABERDEEN  PROVING  GROUND,  MD.  21005 


ABSTRACT 


A  series  of  six  tests  were  conducted  to  identify  the  debris,  fragments, 
and  airblast  hazards  associated  with  the  detonation  of  the  explosives.  First 
three  tests  were  conducted  to  determine  the  external  debris  and  hazard 
distance,  and  to  check  whether  the  detonation  of  explosives  in  one  container 
would  detonate  the  explosives  in  the  adjacent  container.  Next  three  tests  were 
conducted  by  sandbagging  the  containers  on  three  sides.  A  lot  of  fragments 
were  found  beyond  300  feet,  in  Test  Nos.  1,  2,  3,  and  6.  But  leBs  fragments 
were  found  beyond  300  feet,  in  Test  Nos.  4  and  5.  Detonation  did  not  propagate 
to  the  adjacent  container  in  any  test,  even,  when  the  distance  between  the 
containers  was  decreased  to  eight  feet.  Ammunition  cook  off  occured  in  all  the 
tests.  Sandbagging  the  containers  decreased  the  fragment  density  at  large 
distance  but  Increased  the  cook  off  and  burning  rate  of  the  munitions  and 
other  debris,  near  the  location  of  the  test. 
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INTRODUCTION 


A  large  quantity  of  different  types  of  munitions  are  stored  In  a  conex 
container.  Small  caliber  ammunition,  fragmentation  grenade,  smoke  grenade, 
signal  flares,  M42  submunition,  mines,  file  destroyer,  and  rockets  are  stored 
In  the  containers.  Table  1  shows  a  typical  basic  load  of  ammunition  stored  in 
a  container.  The  study  had  three  objectives.  The  first  objective  of  this  study 
was  to  determine  the  type  of  debris  and  fragment  hazard  distance  from  point  of 
reaction  when  the  munitions  in  a  single  conex  container  are  detonated.  The 
second  objective  was  to  prevent  propagation  of  reaction  from  one  container  to 
an  adjacent  container,  and  the  third  objective  was  to  minimize  the  physical 
damage  to  the  adjacent  conex  by  the  addition  of  sandbag  walls  along  the  three 
sides  of  containers. 

The  project  was  funded  and  supported  by  the  Department  of  Defense 
Explosive  Safety  Board  and  the  Project  Manager  for  Ammunition  Logistics.  The 
task  of  designing  and  conducting  the  tests  and  providing  the  technical  data 
package  was  undertaken  by  the  Ballistic  Research  Laboratory,  Aberdeen  Proving 
Ground,  Maryland. 


BACKGROUND 


Limited  availability  of  land  area  for  munitions  storage  at  overseas  bases, 
coupled  with  civilian  encroachment,  and  the  need  to  build  additional 
facilities  on  available  land  has  placed  constraints  on  munitions  storage 
capabilities.  If  a  fire  or  explosion  should  occur,  whether  it  results  from 
accident,  enemy  attack  or  sabotage,  then  the  adjacent  explosive  container  and 
facilities  including  personnel  in  the  vicinity  of  the  explosion  site  must  be 
protected,  to  a  predetermined,  practical  standard.  The  explosion  must  not 
propagate  from  one  container  to  other.  Generally,  when  ignited,  explosives 
burn  and  explode,  producing  fast  fragments  from  metal  touching  or  near  the 
explosive,  alrblast,  cratering,  ground  shock,  flame  and  radiant  heat,  and 
debris  and  explosive  items. 


TEST  APPROACH  AND  RESULTS 


A  series  of  six  tests  were  performed  to  identify  debris,  fragments,  and 
alrblast  hazards  associated  with  the  detonation  of  the  explosives  (inside  a 
container)  and  to  check  whether  the  mass  detonation  of  explosives  in  one 
container  would  propagate  to  the  adjacent  container.  A  conex  container  is  made 
of  1/8  inch  thick  corrugated  steel.  The  inside  dimensions  of  the  conex 
container  are:  92  inches  long,  72  inches  wide,  and  70  inches  high. 

Puzed  66ram  M72A2  rockets  and  40mm  M433  cartridge  were  considered  safety 
hazards  (fuzed  rockets  might  go  off  during  the  fragment  recovery  process  and 
M433  contains  phosphorous  which  might  cause  bodily  harm),  therefore,  in  the 
testa,  M433  cartridges  were  replaced  with  M42  grenades  and  unfuzed  rockets 
replaced  fuzed  rockets. 


The  center  of  explosion  for  each  test  vas  established  and  a  search  pattern 
grid  wad  laid.  Each  area  (sector)  was  narked  off  with  white  tape/paint. 
Fragments  were  collected  In  12  thirty  degree  wide  collection  zones  360  degree 
around  the  container  to  a  distance  of  600  feet.  All  fragments  were  Identified 
by  collecting  them  into  nearby  marked  sector  in  which  they  were  found. 


TEST  1 

The  goal  of  this  test  was  to  identify  the  external  debris,  fragments,  and 
to  determine  the  quantity-distance  arcs  when  the  explosive  (in  the  conex 
container)  is  detonated.  Three  wooden  racks  were  built  and  placed  inside  the 
container.  The  munitions  were  placed  on  the  racks.  Twelve  mines,  M18A1,  were 
placed  in  the  middle  of  the  container.  Net  explosive  (  mines,  grenades, 
rockets,  M42,  etc.)  weight,  stored  in  the  container,  was  160  pounds.  Table  2 
lists  the  ammunition  placed  inside  the  container.  Figure  1  shows  the  layout 
configuration  of  the  munitions  inside  the  container. 

These  mines  were  remotely  detonated.  The  container  and  many  of  the 
ammunition  boxes  were  broken  up  into  many  fragments.  Most  of  the  fragments  and 
other  debris  were  located  within  100  feet  from  the  point  of  detonation,  but 
Some  of  the  fragments  were  found  beyond  350  feet  from  the  test  location.  Three 
metal  fragments  (from  conex)  were  located  between  320  feet  and  375  feet  from 
the  point  of  reaction.  Five  fragmentation  grenades  were  located  at  375  feet. 


TEST  2 

The  goal  of  this  test  was  to  assess  the  damage  to  the  acceptor  container 
and  its  contents  when  the  explosive,  in  the  donor  conex,  is  detonated.  The 
acceptor  container  was  placed  at  a  distance  of  15  feet  (arbitrarily  chosen) 
from  the  donor  container.  Same  amount  and  type  of  munitions  were  placed  in  the 
donor  container  as  was  in  Test  No.  1.  The  mines  were  not  available  at  the  time 
of  this  test,  instead,  a  20  lbs  C-4  charge  was  placed  In  the  donor  container. 
This  Increased  the  net  explosive  weight  from  160  lbs  to  162  lbs.  The  wooden 
boxes,  filled  with  the  sand  (instead  of  munitions),  were  placed  on  the  wooden 
racks.  Inside  the  acceptor  conex. 

It  was  also  decided  to  make  pressure  measurements.  The  pressure 
transducers  were  placed,  in  front  of  donor  container,  at  30  feet,  60  feet,  and 
90  feet  from  the  container.  The  locations  for  the  pressure  transducers  were 
arbltrarely  selected.  Figure  2  shows  the  set-up  configuration  of  the  acceptor 
and  the  donor  containers. 

C-4  charge  was  detonated.  The  wooden  ammunition  boxes  and  other  debris 
burned  for  more  than  one  hour,  near  the  acceptor  container.  The  acceptor 
container  was  turned  over  and  sustained  some  physical  damage.  The  sand  filled 
boxes  were  broken. 

The  donor  was  broken  up  into  many  fragments.  Many  of  these  fragments  were 
thrown  at  a  distance  greater  than  300  feet.  Some  fragments  and  unexploded 
rounds  were  found  beyond  375  feet  from  the  test  location,  but  most  of  the 
fragments  were  located  within  a  radius  of  100  feet. 
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Peak  pressures  of  6.7  PSI  at  30  feet  and  3.40  PSI  at  60  feet  locations 
were  registered  by  the  transducers.  No  signal  was  obtained  at  90  feet  location 


TEST  3 

The  goal  of  this  test  was  to  assess  the  damage  to  the  live  munitions. 
Inside  the  acceptor  conex,  by  decreasing  the  separation  distance  (distance 
between  the  containers)  from  15  feet  to  8  feet. 

Same  amount  and  type  of  munitions  were  placed  in  the  donor  container  as 
was  in  Test  No.  1.  Live  ammunition  (rockets,  grenades,  mines  and  M42)  and  sand 
boxes  were  placed  in  the  acceptor  conex. 

No  pressure  signal  was  recorded  by  the  pressure  transducer  at  90  feet 
location  (in  Test  No.  2),  so  the  location  of  this  transducer  was  changed  from 
90  feet  to  75  feet.  The  locations  of  the  other  two  transducers  remained  the 
same  (30  feet  and  60  feet).  Figure  3  shows  set-up  configuration. 

Twelve  mines,  placed  in  the  middle  of  the  donor  container,  were  detonated. 
The  wooden  boxes  and  other  fragments  burned,  in  the  space  between  the  two 
containers,  for  one  to  two  hours.  The  fire  and  heat  made  some  of  the  munitions 
(grenades,  flares,  etc.)  to  cook  off. 

The  acceptor  container  was  flipped  over  and  caved  in.  The  live  munitions, 
inside  the  acceptor  conex,  did  not  detonate.  Some  of  the  munition  boxes  were 
broken,  but  no  damage  was  done  to  the  munitions. 

The  fragments  and  other  debris  were  thrown  out  at  a  distance  greater  than 
300  feet  from  the  point  of  reaction.  Ten  metal  fragments  were  found  between 
300  feet  and  335  feet  from  the  test  location.  Thirty  five  M42,  two  smoke 
grenade,  and  one  fragmentation  grenade  were  found  between  300  feet  and  350 
feet. 


The  pressures  registered  by  the  transducers  were  net  as  high  as  compared 
to  the  pressures  obtained  in  Test  No.  2.  Peak  pressures  of  3.33  PSI  at  30 
feet,  2.4  PSI  at  60  feet,  and  0.3  PSI  at  75  feet  were  recorded  by  the 
transducers  in  this  test. 


TEST  4 

The  aim  of  this  test  was  to  check  whether  some  kind  of  sandbag  wall/shield 
will  prevent  the  acceptor  container  from  overturning  and  sustaining  the 
physical  damage.  Same  amount  and  type  of  munition  was  placed  in  the  donor 
container  as  was  in  Test  No.  1.  The  acceptor  conex  was  partially  filled  with 
the  munition.  The  sandbag  walls,  about  one  foot  taller  than  the  height  of  the 
container,  were  built  along  three  sides  of  the  containers.  No  sandbag  walls 
were  built  on  the  front  sides  of  the  containers.  The  pressure  transducers  were 
placed  at  the  same  locations  as  were  in  Test  No.  3.  Figure  4  shows  the  set-up 
configuration.  Again  twelve  mines,  inside  the  donor  conex,  were  detonated. 
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The  wooden  boxes  and  other  debris  burned  for  wore  than  two  hours.  Soae 
munitions  (grenades,  flares,  etc.)  were  cooked  off.  The  middle  sandbag  wall 
was  partially  collapsed.  The  acceptor  conex  did  not  move  or  flip  over  and  no 
damage  was  done  to  munitions,  inside  the  acceptor  conex.  Much  of  the  blast  was 
absorbed  by  the  sandbag  wall,  thus,  preventing  the  acceptor  conex  to  sustain 
much  damage. 

The  donor  container  and  other  munition  boxes  were  broken  into  many 
fragments.  Two  fragments  (3X6  feet)  from  conex  door  were  located  at  369  and 
561  feet  from  the  test  location.  One  fragment  from  conex  was  found  at  450 
feet.  One  66mm  rocket  (warhead)  was  found  at  305  feet. 

The  pressures  recorded  by  the  transducers  were  higher  than  the  pressures 
obtained  in  Test  No.  3.  Peak  pressures  of  6  PSI  at  30  feet,  4  PSI  at  60  feet, 
and  3  PSI  at  75  feet  were  registered  by  the  transducers. 


TEST  5 

The  aim  of  this  test  was  to  learn  about  the  extent  of  the  fragments/debris 
hazards  by  detonating  the  same  amount  of  the  explosives  in  the  donor  conex 
when  sandbags  were  placed  on  top  of  the  donor  container.  Same  type  of  sandbag 
walls  were  built  along  three  sides  of  the  containers  as  in  Test  No.  4.  Same 
type  and  amount  of  explosives  were  placed  in  the  containers  as  was  in  Test  No. 
4. 


Twelve  mines  were  detonated,  inside  the  donor  container.  It  was  not  a  big 
explosion  as  compared  to  the  explosions  in  the  last  four  tests.  The  door  of 
the  donor  conex  was  found  between  50  and  60  feet  from  the  container.  The  roof 
of  the  donor  container  flew  up  but  fell  right  back  in  the  container. 

The  debris  and  fragments  did  not  go  very  far  from  the  point  of  detonation. 
A  few  parts  of  the  signal  flares  were  located  beyond  300  feet  from  the  test 
location.  Most  of  the  munitions  and  other  fragments  burned  inside  the  donor 
container  and  continued  burning  for  more  than  three  hours. 

The  sandbag  wall,  between  the  acceptor  and  the  donor  containers,  was 
partially  collapsed.  The  walls  of  the  acceptor  container  suffered  some  damage 
but  container,  itself,  remained  Intact.  The  acceptor  container  did  not  flip  or 
turn  over. 


TEST  6 

It  was  requested  by  Department  of  Defense  Explosive  Safety  Board  to 
conduct  a  test  by  detonating  160  lbs  (100  lbs  bare  charge  and  60  lbs 
explosives  in  other  munitions)  explosives  inside  the  donor  container.  The 
sandbag  walls,  built  along  three  sides  of  the  acceptor  and  the  donor 
containers  in  Test  Nos.  4  and  5,  were  very  massive  and  time  consuming,  so  it 
was  decided  to  modify  the  sandbag  wall  configuration. 

Double  sandbag  walls,  along  the  three  sides  of  the  containers,  were  built 
for  Test  No.  6.  Munition  placement,  inside  the  donor  conex,  was  changed 
without  changing  the  total  amount  of  explosive.  This  time,  a  60  lbs  of 
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explosives  (rockets,  M42 ,  and  fragmentation  grenades)  were  placed  close  to  a 
100  lbs  of  C-4  bare  charge.  The  160  lbs  of  explosive  vas  placed  against  the 
Inside  wall  of  the  donor  conex  (the  wall  close  to  the  acceptor  conex)  and  on 
the  lower  shelf  of  the  wooden  rack.  Figure  6  shows  the  actual  configuration  of 
the  ammunition  placement  in  the  donor  and  acceptor  containers. 

The  100  lbs  explosive  was  detonated.  A  big  fire  ball  was  seen  and  a 
tremendous  explosion  vas  heard.  A  few  flares  and  grenades  burned  for  a  few 
minutes.  No  other  fire  was  observed  in  this  test. 

No  explosive  (rockets,  mines  etc.)  was  recovered.  This  means  that  all  160 
lbs  of  explosive  was  consumed  during  the  explosion  process.  The  detonation 
did  not  propagate  to  the  live  munitions,  inside  the  acceptor  conex. 

One  side  (side  towards  the  donor  conex)  of  the  acceptor  conex  was  caved  in 
but  it  did  not  flip  over.  The  donor  container  and  some  of  the  munition  boxes 
were  broken  up  into  many  fragments.  These  fragments  were  found  at  different 
locations.  Twenty  six  metal  fragments  (8  Inch  to  5  feet  long)  were  found  in 
cones  A  and  B  (440  feet  to  673  feet  range). 


OVERALL  RESULTS 


The  locations  where  the  debris/fragments  were  found  varied  from  test  to 
test.  In  some  tests  the  debris/fragments  did  not  go  beyond  300  feet  from  the 
point  of  detonation  but  in  other  tests  some  debris/fragments  were  found  beyond 
600  feet.  The  kick  out  data,  from  these  tests,  are  given  in  Tables  III  -  VIII. 
The  photographs  of  the  recovered  munitions/fragments  and  other  debris  are 
given  in  Appendix. 

In  some  tests  the  fire  started  a  few  minutes  after  the  detonation  and 
lasted  for  a  few  minutes,  but  in  other  tests  the  fire  started  and  lasted  for 
some  time,  and  restarted  and  kept  on  burning  for  a  long  time  (many  hours).  In 
Test  Nos .  2  and  3  the  fragments/debris  burned  for  one  to  two  hours,  in  the 
space  between  the  containers.  In  Test  No.  4  the  fire  lasted  for  more  than  two 
hours.  In  Test  No.  5,  the  fragments  and  munitions  burned  for  more  than  three 
hour.  No  appreciable  fire  vas  observed  in  Test  No.  6. 

Several  rounds  (7.62mm,  5.56mm,  50  cal,  flares,  grenades,  etc.)  were 
cooked-off  as  a  result  of  fire  or  heat.  Some  of  the  live  munitions  were 
recovered  in  each  test.  It  was  estimated  that,  from  the  recovered  munitions, 
about  25  to  35  lbs  of  explosive  was  consumed,  during  the  detonation  process, 
in  each  of  the  first  four  tests.  It  is  estimated  that  all  160  lbs  of  the 
explosive  was  expended  in  Test  No.  6,  because  no  explosive  was  recovered  in 
this  test. 

The  acceptor  conex  was  turned/flipped  over  and  caved  in,  thus,  sustaining 
some  physically  damage  (tests  2  and  3).  No  appreciable  damage  vas  done  to  the 
contents  of  the  acceptor  container.  The  acceptor  conex  did  not  move  or  flip 
over  in  Test  Nos.  4,  5,  and  6.  Much  of  the  blast  was  absorbed  by  the  sandbag 
wall  (between  the  containers),  thus,  preventing  the  acceptor  container  to 


sustain  such  damage. 

When  the  explosive  was  detonated.  Inside  the  donor  conex,  a  very  high 
pressure  was  developed  instantaneously.  The  blast  inside  the  donor  conex  was 
so  high  that  it  created  a  2  to  3  feet  deep  crater  underneath  the  donor  conex. 


SUMMARY  AND  CONCLUSIONS 


A  series  of  tests  were  conducted  to  determine  the  fragments  hazard 
distance  when  the  explosive,  inside  the  donor  conex,  is  deliberately  or 
accidently  detonated.  First  three  tests  were  conducted  to  determine  the 
external  debris  and  hazard  distance,  and  to  check  whether  the  detonation  of 
explosives  in  one  container  would  detonate  the  explosives  in  the  adjacent 
container.  Next  three  tests  were  conducted  by  sandbagging  the  containers  on 
three  sides. 

A  lot  of  fragments  and  debris  were  found  beyond  300  feet,  in  first  three 
tests.  But  less  fragments  and  other  debris  were  found  beyond  300  feet,  In 
tests  4  and  3.  Again  a  lot  of  fragments/debris  were  found  beyond  300  feet,  in 
Test  No.  6. 

Detonation  did  not  propagate  to  the  adjacent  container  in  any  test,  even, 
when  the  distance  between  the  containers  was  decreased  to  eight  feet.  Eight 
feet  separation  distance  was  selected  because,  at  overseas  bases,  the 
containers  were  separated  by  a  distance  of  greater  than  six  feet. 

Ammunition  cook  off  occured  in  all  the  tests.  Sandbagging  the  containers 
decreased  the  fragment  density  at  larger  distances  but  it  increased  the  cook 
off  and  burning  rate  of  the  munitions  and  other  debris,  near  the  location  of 
the  test.  So  the  probability  of  cook  off  or  burning  of  the  munitions  and  other 
fragments/debris  is  greater  when  the  containers  are  sandbagged  on  three  sides. 

The  following  conclusions  can  be  derived  from  this  study. 

Detonation  of  explosives  in  one  container  did  not  propagate  to  the 
explosives  in  an  adjacent  container  when  the  separation  distance  (between  the 
containers)  was  eight  feet  (no  test  was  conducted  by  decreasing  the  distance 
further) . 

Sandbagging  the  acceptor  and  the  donor  containers  prevented  the  adjacent 
container  and  its  contents  from  extensive  physical  or  mechanical  damage  when 
the  explosive,  in  the  donor  conex,  was  (accidently  or  deliberately)  detonated. 

Sandbagging  the  containers  decreased  the  fragment  density  at  large 
distances  but  increased  the  cook  off  and  burning  rate  of  the  munitions  and 
other  debris  (close  to  the  ground  zero). 
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TABLE  I 


Typical  Basic  Load  of  Ammunition  Stored 

in  a  Conex  Container 

CTG  Cal  .45  Ball 

1360 

Rds 

CTG  .50  Cal 

1800 

Rds 

CTG  5.5mm  Ball  M16 

23600 

Rds 

CTG  5.56mm  Tracer  M16 

4930 

Rds 

CTG  7.62mm  Ball  &  Tracer  Lined 

9370 

Rds 

CTG  40mm  M433 

144 

Rds 

Grenade  Fragmentation  M67 

195 

EA 

Grenade  Smoke  Green 

8 

EA 

Grenade  Incendiary 

130 

EA 

Grenade  Smoke  Red 

8 

EA 

Grenade  Smoke  HC 

8 

EA 

Grenade  Smoke  Voilet 

10 

EA 

Grenade  Smoke  Yellow 

8 

EA 

Fire  Starter 

8 

EA 

Grenade  Launcher  Smoke  Screening 

8 

EA 

Signal  Ilium  Grenade 

36 

EA 

RKT  66mm  K72A2 

15 

EA 

Mines  M18A1 

12 

EA 

File  Destroyer  M4 

1 

EA 

Signal  Ilium  Ground  Red  Star 

72 

EA 

Ilium  Star  Ground  White 

72 

EA 

Signal  Ilium  Ground  Green  Star 

72 

EA 
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TABLE  II 


Asmunition  In  a  Conex  Container 


CTG,  Cal  .45  Ball  and  .50  Cal 

3160 

Rds 

CTG,  5.56mm  Ball/Tracer  M16 

28530 

Rds 

CTG,  7 .62ram  Ball  &  Tracer  Lined 

9370 

Rds 

Grenade,  Fragmentation  M67 

195 

EA 

Grenade,  Smoke 

175 

EA 

KKT,  66mm  M72A2  (  unfuzed) 

15 

EA 

Mines,  M18A1 

12 

EA 

File  Destroyer,  M4 

1 

EA 

Signal,  Ilium  Ground 

260 

EA 

Rifle  Grenade,  M42 

216 

EA 

Figure  1.  A  Conex  Container  (Left)  and  Ammunition  in  the 
Container  (Right),  Test  No.  1. 


Figure  4.  Donor  and  Acceptor  Containers  Confined  by  Sandbag  Walls 
Front  Side  (Left)  and  Back  Side  (right)  of  the  walls. 
Test  No.  4. 


Figure  5.  Donor  and  Acceptor  Containers  (Left)  confined  by  the 
Sandbag  Walls  and  Ammunition  Inside  the  Donor  Contai 
ner  (Right),  Test  No.  5. 


table  III 

CON EX  TEST  1 


Zon« 

A 

8 

C 

D 

E 

F 

9 

1-UF 

a 

2-UF 

18- SC 

25- SC 

29-U42 

7-U42 

1-UF 

1-UF 

1-UF 

1-SG 

4— SC 

7 

4— U42 

1-UF 

2-U42 

6 

1-UF 

1-UF 

5 

27-U42 

4— SC 

4 

1-UF 

9-U42 

9-SG 

4-SG 

1-UF 

2-SC 

2-UF 

1-UF 

15-U42 

7-SG 

2-SC 

1-FDF 

3 

8- SC 

1-U42 

1-U42 

1-SG 

1-WF 

3-UF 

3-WF 

1-SC 

4-SG 

5- SC 

2-FDF 

2 

1-U42 

7-SO 

2-WF 

-1-UF 

1-UF 

1-fcF 

2-SC 

8-66 

6- SO 

11-FDF 

17-S 

S-SO 

1 

1-UF 

1-U42 

1-UF 

84-U42 
24— SC 
3588-58 
18-66 


8 


76 


1- fC 
58-SG 

2- U42 


TABLE  III  (continued) 


CONEX  TEST  NO.  1 


G  H 


J  K 


1-MF 

5-fG 


4-UF  5-fG 


2-MF  12-FG  1-MF 

1- 6F 

2- FDF 


2-UF 

7-fG 

1-6FF 


1-fDf  6-PG  1-fG 

.  1-M  1-6Pf 

13-GPf  5-UF 


2-FDf  466-782  496-762 

3-fO  1-fG 


8-FDF  IMPf  2-UF  1— 56C 

2-SG  15-fG  266-762 

266-782 


4-6P  1-FG  1-8F 

6-SG  2-8PF 

1-fG  1-MF 


1-MF.  .24866-782  2-UF 

131— FG  .  263-8PF  387-782 

77 


L 

1-MF 

1-MF 

1- MF 

2- MF 

2-56C 

2- 56C 

3- MF 

1-MF 

1-MF 

1-WF 


TABLE  III  (continued) 


MUNITION.  DISTANCE  ANO  ANCLE  DESIGNATION  FOR  CONEX  TESTS 


Munition  Doalgnotlon 

Munition  Doolgnatlon 

0.50 

53 

FI lo  Doot.  M4 

FDF 

7.32m 

762 

RKT  66m  M72A2 

63 

5.33m 

553 

Uotal  Frog  -  Conox 

UF 

M42  Subeunt  t ion 

U42 

Wood  Frag. 

WF 

Frog  Gronodo 

FC 

Burnod  Munition 

B 

Saoko  Gronodo 

SG 

Cooing 

C 

White  algnal  Flaro 

WPF 

Project  I lo 

P 

Whl to  Signol  Floro 

WPFF 

Cooing  /  Project!  lo 

C/P 

Port 

5-M42  «  FI vo  roundo 

of  U42 

Olotanco 

Doolgnatlon 

Dlotonco 

Doolgnatlon 

•  -  63  Foot 

0 

30  -  90  Foot 

1 

90  -  120  Foot 

2 

120  -  150  Foot 

3 

150  -  180  Foot 

4 

180  -  210  Foot 

5 

210  -  240  Foot 

3 

240  -  279  Foot 

7 

270  -  390  Foot 

8 

>  300  Foot 

9 

Dlotonco 

Doalgnotlon 

Dlotonco 

Deo Ignat  Ion 

0  -  30  Oog 

A 

30  -  60  Dog 

8 

60  -  90  Dog 

C 

90  -  120  Dog 

D 

120  -  150  Oog 

E 

150  -  180  Dog 

F 

180  -  210  Oog 

G 

210  -  240  Dog 

H 

240  -  270  Dog 

I 

270  -  300  Dog 

J 

300  -  330'  Oog 

K 

330  -  360  Dog 

L 

78 


TABLE  IV 


CON EX  TEST  NO.  2 


ZONE 

A 

B 

C 

0 

E 

F 

9 

1-MF 

28-042 

8-042 

1-S 

22-SG 

1-MF 

3-OF 

2-042 

8-042 

2-OF 

8 

4— SC 

2-SG 

2-OF 

7 

2-MF 

8-042 

1-MF 

3-MF 

1-SG 

6 

2-MF 

1-M42 

1-MF 

1-MF 

2-SG 

4-4142 

1- 4442 

2- SG 

5 

3-MF 

7-4142 

2-SG 

1-SG 

1-OF 

4 

3-MF 

9-4442 

2-OF 

1-MF 

1-SC 

3- 042 

4- SG 

1— 88W 

3 

t-MF 

1-OF 

1-MF 

1-OF 

1-66P 

1— 66L 

1-WF 

5-042 

1-88P 

1-FG 

3-558 

3-SG 

1-WF 

1-WF 

1-4442 

- 

2 

1-MF 

1-042 

1-MF 

5-SG 

1-44F 

4-SG 

2-4* 

7-042 

3-042 

1-SG 

1-SG 

1-WF 

1 

2-042 

28-042 

19-SO 

4-SG 

8-SG 

1 — VfF 

1-WF 

1-88 

1-86P 

• 

2see-5«. 

5-SG, 

79 

158-58 

i,  11-86,  11 4-SG 

48-042. 

1-FG 

1-FG, 

2-042,  2— 66P 

Tobl*  IV  (continued) 
CONEX  TEST  No.  2 


/ 


ZONE 

G 

H 

I 

J 

K 

9 

1-MF 

1-MF 

5-556 

12-FG 

2-FG 

0 

1-MF 

1-FG 

76-556 

1-U42 

4-FG 

7 

1-MF 

826-556 

1-66P 

1-FC 

1-MF 

1-66C 

4-FG 

1-MF 

1-56 

6 

46-556 

1-FG 

5 

3-FG 

266-556 

1-66W 

2-MF 

9-FC 

1-MF 

1-M42 

4 

1-FG 

1-WF 

15-556 

1-66 P 

14-FC 

1-MF 

5-556 

3 

2-FG 

24-556 

3-MF 

1-WF 

2 

8-FDF 

1-WPF 

8-FG 

66-556 

2-56 

1-FG 

38-556 

26-FDF 

HIPF 

2— FG 

49-556 

36-556 

1 

1-SG 

1-WF 

2-WF 

1-MF 

4-56 

1-M42 

1-WPF 

1-FG 

6 


1-MF 


1-UF 


1-MF 


1-WF 


4-556 

1-56 

3-M42 

1-MF 


2486-556,  206-762,  9-56 
216-WPF,  110-FG,  9-FDF 
2-SG,  1-MF 


80 


9466-762,  22146-556,  46-56 
13-M42,  3-FG.  8-MF,  5-WF 


Tabl*  V 

1 

CON EX  TEST  NO.  3 

A 

8 

C 

D 

E 

F 

12-4442 

23-1442 

2-4442 

O  11C 

1-SG 

1-SG 

8-1442 

1-UF 

14-1442 

1-14428 

1-U42B 

1-UF 

3-UF 

5-1442 

1-FDFP 

1-WF 

6-44F 

2-UF 

1-762C 

9-M42 

4-SG 

1-UF 

1-1442 

1-UF 

5-1442 

2-UF 

3-UF 

3-UF 

1-762C 

9-1442 

5-1442 

1-WPF 

1-762C 

2-UF 

1-UF 

2-SG 

1-UF 

1-UF 

6-1 4F 

1-762C 

1-66P 

2-SG 

1-WF 

1-WF 

3-1442 

2-1442 

3-762C 

1-UF 

1-WF 

2-UF 

1-UF 

2- 1442 

1-WF 

3- 1442 

5-1442 

2-UF 

1-14428 

1- UF 

2- 1442 

5-SC 

8-SG 

1-SG 

1-SG 

2-WF 

1-UF 

1-7628 

2-1442 

3-1442 

1— FOF 

17-1442 

13-SG 

1-SG 

1 1-FOFP 

1-WF 

6-7628 

1-WF 

16- SO 

1-UF 

2-WF 

1-WPF 

1-WPFB 

1-WF 

1-WPFB,  1-SG,  1-UF.  1-WF  32-4WF,  24-WPFB.  1-fOFP 
1-U42,  1-68.  3666-56  1-M42,  159-SG,  3-668.  16-66 


TABLE  V  (continued) 


CON EX  TEST  NO.  3 


1-FDFP 

1-fDFP 

1-UF 

2— FG 

1-5568 

1- UF 

2- UF  1-762P 

3-762C 

3-762C 

1-762 

1-FG  1~7c*C 

2-UF 

1-WF 

1-WPF8 

1-WF 

1-FG 

3-762P  1-556C 

1-UF 

1-FDFP 

1— FG 

1-UF 

3-556C  1-556 

1-556P  1-WF 

8-fDF 

3-762 

1-762 

1-5568  1-FG 

2-UF 

2-UF 

1-WF 

1-5568 

1-WF  1-UF 

4-5568 

.1-7628 

2-7628 

15-FDFP 

5-5568 

14— FG 

1-5568 

4-WPF 

2-UF 

1-WF 

1  -FG 

1- 7628 

2- 5568 

1-7628 

1-WF 

1-WPFB, 

192-WPF, 

58-FG8 

5666-782.  21326-5568, 

215-782 

61-FG, 

.  5-782B, 
1646-5568 

4-UF 

2466-556,  5656-7628 
43FG8,  9-FG,  3-WF 

TobU  VI 


TABLE  VI  (continued) 
COM EX  TEST  NO.  4 


C  H 


1 — MF 


1-UF 
368  ft 

1-UF  13-56C/P  4-50C 

1-762C  1-762P 

1-SG 
1-4142 


3-sec  i-sec  e-sec/p 

1-762C  1-UF 


3-56C/P  1-sec  5-50C 
1-556P 


2-56C/P  1-56C 

3-sec 

6-58C/P  7— 56C 

7-36C 

3-762C  1-U42 

i-sep 

1-762C 

1-56P 

v-UF 

2-UF 

3-56C 

e-sec 

2-762C 

i-sec 

1-50C 

l-ST* 

i— sep 

3-56P 

1-762P 

1-762C 

1-WF 

1-762P 

2-KPF 

i-sec 

2-356C 

1-762C 

1-SG 

1-UF 

1-SG 

2-356C 

1-UF 

3-sec 

5-sec 

3-sec 

7-56C 

s- sec 

3-4/42 

3-56P 

3-56P 

2-56P 

3-sep 

1-U42 

2-50C 

1-782C 

1-762P 

1-762C 

1-WF 

1-762P 

1-66 

1-Uf 

1-WPFC 

3-762C 

1-SG . 

1-ttPF 

91-4DPF. 

4-FDFP,  2-U42 

78-FG, 

33-UPF,  26-HPFB 

39-FC, 

28-56,  18-SG 

5-U42, 

366.  10- SC, 

,  1-SG8 

666-762 

.  27ee-5e. 

3286-556 

19636-5363,  8666-7628 


TABLE  VII 

CON EX  TEST  NO.  5 

A 

B 

C 

0 

E 

F 

1-BPF 

5-50C/P 

W*F 

2-NPFP 

4-50P 

1-8PF 

a  lap 

2-58C/P 

2-S8P 

1-8PF 

2-58P 

1-762C 

1-M42CP 

1-762C 

1-BPFP 

2-50P 

2-58P 

1-BPF 

1-58P 

2-58CP 

2-*PF 

l-KIPF 

1-M42P 

5-MC/P 

i-wr 

1-86P 

1-58C 

2-BPFP 

1-782P 

4-56P 

1-556P 

2-556C/P 

1-58P 

i-sac 

1-556P 

3-58P 

2-5BC/P 

1-WPFP 

1-762P 

1-762P 

1-6PFP 

2-8IPFP 

2-WPFP 

2-WPFP 

1-58C 

1-U42P 

1-BPFP 

i-UF 

2-556C 

1-536P 

1-BPFP 

2-762P 

2-38C/I 

s-sep 

1-58C 

2-58P 

1-762C 

1-558C 

i-sec 

6WPFP 

1-NPFP 

2BPFP 

2-782B 

1-BPFP 

1-U42CP 

1-BPFP 

4-556C/P 

3— 556C 

1-356C 

1-50P 

2-58C 

1-58P 

3-782C/P 

2-58P 

1-58P 

2-BPFP 

1-762P 

1-782C 

16-5eC/P 

3-WFP 

1-782P 

1-8PFP 

1-58C 

5-BPFP 

1-M42P 

2-BPFP 

1-M42P 

1-782P 

2-UF.  25-556C,  5-556P,  12-56 

2-58,  8-58C.  8-58P. 

1-558P 

m-sec, 

52-58P,  8-782C 

4-556C, 

5-762P.  1-SG. 

1-762P. 

W-WFBP, 

2-U42B 

8^-M42P. 

43-BPFP 

2-U42p. 

1-668P 

TABLE  VII  (Coflt  tnu«d) 
CONCX  TEST  No.  S 


G 

H  I 

J 

K 

L 

1-*PFP 

3-5BC/P 

2-SSP 

2-HPFP 

3-WPFP 

2-*PFP 

1-U42P 

1-U42P 

1-5SP 

1-5SP 

4-5SC/P 

i-sac 

1-762P 

3-WPFP 

2-WPFP 

1-56P 

1-58P 

♦-sap 

1-WPFP 

1-5SC 

2-sac 

1-58C 

3-50C 

1-56P 

1-38P 

a-sec/p 

1-U42P 

2-5SC 

1-556P 

2-55SP 

1- 762C 

2- KPf 

2-SaP 

5-5SC/P 

4-5«C 

3— sap 

1-7«2c 

1-536P 

3-sac 

1-KPFP 

1-762C 

1-U42P 

3-sac 

2-sac 

i-sap 

4-sac 

a-sac/P 

1-UP  FP 

3-*PFP 

1-SSSC 

1-U42P 

2-U42P 

1-M42CP 

1-KPFP 

i-sap 

i-sap 

i-sap 

1-556P 

2-sap 

1-M42P 

i-sac 

3-sac 

2-3 ap 

4-sac 

s-sac/p 

3-PPFP 

2-WPFP 

2-sec 

2-55 SP 

1-7S2C 

2-WFP 

1-556C 

4-WPFP 

2-M42P 

2-*PFP 

1-0oor 

1-556C 

2-sac 

3-5SP 

1-55SC 

s-sap 

19-5aC/P 

i-sap 

3-#pfp 

a-sac 

s-sac 

7-sac 

2-53  SC/P 

2-3BC 

3-WPFP 

2-#PfP 

3-556C 

1-HPFP 

i-mpFP 

1-U42P 

1-M42P 

4-hpfp 

2-U42P 

1-5-C  1SS-59C,  123-5AC,  4-SG 

3-K..  5-556P.  71-55 SC. 

1-7S2C.  5-7S2P,  88-WFBP 
S-U42P.  5-U42 .  6-U428 


6-56P,  21-SBC.  1-762P 
13-WPFP,  3-U42,  4-U42P 
3-SSP 


TABLE  VIII 


CONCX  TEST  NO.  • 


ZONE 

A 

8 

c 

0 

C 

1-Afif 

l-A8f 

2-ur 

749-M8 

164-556 

• 

54-M 

32-569 

2-SO 

797-658 

2-SC 

25-UP 

13-fN 

1-NPf 

4-656 

13-ur 

2-762 

1-ABf 

35-569 

1423-454 

149-454 

• 

673-458 

4-94C8 

5-44 

2-656C8 

19-44 

i-ur 

4-4# 

1-44C8 

1-6569 

1-ABf  824-557 

2-ABf 

1-A8T 

2-sa 

217-554 

7-SO 

1-49T 

2-469 

7 

1-7629 

131-54 

79-454 

3-44421" 

4-44 

14-554 

2-49TP 

1-4# 

7-742 

1-4# 

1-4# 

294-554 

1-SO 

7-30 

41-554 

1-40 

12-54 

34-554 

i-4#r 

6 

3-ASf 

3-742C8 

13-742 

1-ABf 

51-44 

553-454 

52-44 

34# 

1-A09 

1-4# 

2—A4f 

14-54P 

4-ABf 

2-A8T 

629-454 

13-469 

4-54C8 

4-A4T 

1-449 

1-50 

5 

45-554 

2-554 

164-54 

1594-554 

2-44429 

57-44C4 

2-4# 

147-762 

2-454 

1-5549 

8? 


HMD 


TABLE  VIII  (coaUmmB) 
CONEX  TEST  HO.  A 


ZONE 

A 

8 

c 

0 

E 

r 

1-UF 

1-ABf 

3 -ABf 

1-ABf 

1-50 

2- SC 

2-ABf 

123-54 

93-782 

2-WPf 

1-68C8 

1-444 

4 

1-50 

2-555 

95-54 

1554-558 

34-688 

i-ur 

2“  50 

18-782 

74-54 

8-58 

214-54 

2-A8f 

4-ABf 

3-ABf 

3  W»f 

5-*Pf 

46-554 

47-54 

8- SO 

2-50 

1-20 

4-90 

3 

1-782C8 

1-782C8 

458-54 

2552-558 

1-588 

1-90 

144-742 

423-782 

1-48 

11-54 

315-54 

3-ABf 

5-ABf 

4-ABf 

529-658 

9-40 

2-554 

154-54 

295-782 

2-548 

2-588 

2-48T8 

1-782C8 

2-782C8 

538-54 

823-554 

2-7828 

1-54 

2-ABf 

3-90 

2429-782 

1*48 

47-54 

4-ABf 

2-ABf 

2-48 

1-48 

1-ABf 

1-7428 

6-762CB 

4-90 

1 3-ABf 

1-ABf 

3-48T 

4-ABf 

439-64 

232-54 

2934-782 

1-fDf 

3-TOf 

4-48 

1-88f 

25-712 

1-SO 

2-88f 

11-50 

18-54 

1-00 

1-48 

3-88f 

1-742 

943-594 

1-54CB 

12-SQ,  134-*8f,  2*2-54  t *44 1-554,  5-5444,  38-654CB 

148-64C9,  281-544,  24-7824  3A-84CS.  87-584,  412-7824 
•  1-5584,  41-782,  58-782CQ  5-58,  443-782CB,  3825-782 

3-55408.  1-534,  17-A6T  52-447,  35-50,  33-W 

47-84,  4-48  14-Aflf ,  13-48,  83-W 


•8 
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APPENDIX 


After  Recovery  Photographs  of  the  Munition,  Debris  and  other  fragments. 


Figure  A-l  through  Figure  A- 2,  Test  No. 
Figure  B-l  through  Figure  B*2,  Test  No. 
Figure  C-l  through  Figure  C-2,  Test  No. 
Figure  D-l  through  Figure  D-2 ,  Test  No. 
Figure  E-l  through  Figure  E-2 ,  Test  No. 
Figure  F-l  through  Figure  F-2,  Test  No. 
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Figure  A-2.  Teet  Ho.  1.  («)  Flares,  Frag.  Grenades,  aad  7.62am; 

(b)  Container  and  Saoka  Grenades;  (c)  Cones  Fart;  a 
(d)  Flares,  7.62aa,  Grenades  and  a  part  of  a  Rocket 


Figure  B-l.  Teat  Ho.  2.  (*)  Acceptor  Cones;  (b)  7.62**,  50  Cel 
Freg.  Grenades;  (c)  Saoke  Grenades;  end  (d)  66a*  Rocket 


and  Munition 


Figure  C-2.  Teet  Ho.  3.  (a)  Bottom  of  the  Donor  Conex; 

(b)  Signal  Flares;  (c)  Mixed  munitions  from  Donor 
Conex;  and  (d)  M42  Submunition. 


D-l.  Teit  Ho.  4.  (•)  Overall  View  after  the  Test; 

(b)  Acceptor  Conex;  and  (c)  Bcttoa  part  of  the 
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Figure  1-2.  t»t  Vo.  5.  (•)  5.36am  taaaaltioai  (b)  Bar 
Vault  loot  (c)  Frag.  Grenades;  and  (4)  Saok 
Grenades.  All  burned  iaslde  the  Doaov  Coao 
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ABSTRACT 


A  1:1300  scale  model  of  the  Reiteralpe  Proving  Ground  large  blast  simulator  and 
nearby  countryside  was  constructed.  The  terrain  was  modeled  by  stacking  2.54  cm  layers  of 
plywood  that  had  been  cut  to  match  the  natural  contours  of  the  mountain;  the  plywood  was 
smoothed  over  with  plaster  to  obtain  realistic  natural  contours.  A  model  shock  tube  was 
machined  from  steel  pipe  having  a  0.787  cm  inside  diameter.  Tests  were  performed  and 
measurements  recorded  at  four  geographical  locations  of  interest.  For  the  purpose  of 
comparison,  the  shock  tube  was  placed  on  a  fiat  surface  and  blast  parameters  were  also 
measured.  This  paper  emphasizes  the  effects  of  the  terrain  on  the  shock  wave  and  also 
discusses  the  problems  encountered  in  modeling  at  small  scale,  such  as  scaling  of  materials 
from  1:1300  to  full-size,  signal  to  noise  ratio,  mechanical  vibrations,  and  very  small  positive 
phase  duration.  Valid,  consistent,  and  repeatable  blast  measurements  were  made  within  the 
shock  tube  and  at  four  field  locations.  The  shock  waves  measured  at  the  field  stations  had 
the  same  magnitude  as  sound  waves.  At  the  two  near  field  stations  there  was  blast 
enhancement,  because  of  reflection  which  occurred  when  the  shock  wave  struck  the  valley 
floor  at  an  angle  and  traveled  up  a  slope.  At  the  two  far  field  stations  there  was  blast 
attenuation,  because  the  shock  wave  expanded  when  it  entered  the  lower  valley. 


1.  INTRODUCTION 


The  large  blast  simulator  is  a  shock  tube  that  was  hollowed  out  of  the  Reiteralpe 
Mountain.  It  has  a  closed  end  inside  the  mountain  and  an  open  end  which  exits  into  the 
surrounding  terrain.  The  facility  was  constructed  to  produce  blast  waves  of  up  to  one  bar 
(14.5  psi).  Because  of  the  proximity  of  the  shock  tube  to  previously  existing  inhabited  areas, 
shock  wave  related  damage  has  occurred  which  in  the  past  has  inhibited  the  use  of  the 
facility.  When  a  shot  with  a  peak  overpressure  of  0.8  bars  was  fired,  structural  damages 
were  incurred1.  These  damages  included  broken  windows  and  even  some  minor  damage  to 
ceilings  and  walls  in  a  neighboring  village.  In  order  to  more  fully  examine  these  problems 
and  document  the  terrain  e fleets,  a  1:1300  scale  model  was  constructed  of  the  Reiteralpe 
shock  tube  and  nearby  topography. 

2.  TEST  PROCEDURES 

2.1  Terrain  Construction^  The  Federal  Republic  of  Germany  (FRG)  provided  the 
Ballistic  Research  Laboratory  (BRL)  with  a  contour  map  of  the  terrain  in  the  region  near 
the  Reiteralpe  Facility.  The  terrain  model  was  confined  to  the  region  displayed  on  this  map; 
see  Figure  1  which  is  a  reduced  replica.  The  map  provided  by  FRG  describes  the  contours  of 
the  land  at  a  1:5000  scale.  It  was  concluded  that  the  map  should  be  enlarged  to  a  scale  that 
would  allow  for  a  workable  shock  tube  model.  The  first  method  of  enlargement  attempted 
was  by  the  use  of  a  pantograph  which  is  a  device  consisting  of  four  jointed  bars  in 
parallelogram  form  that  may  be  used  to  copy  on  a  predetermined  scale.  However,  a 
pantograph  large  enough  was  not  readily  available,  and  it  was  determined  that  a  great  deal 
of  time  would  be  expended  to  get  results  by  this  method.  The  map  was  instead 
photographically  reproduced  and  enlarged  in  sections  roughly  following  the  grid  lines  already 
present.  By  means  of  this  sectioned  augmenting  process,  the  map  was  enlarged  3.8  times  to 
a  new  scale  of  1:1310  (In  this  paper,  the  scale  is  sometimes  referred  to  as  1:1300  and  at  other 
times  more  exactly  as  1:1310.)  and  covered  a  2.0  x  3.4  meter  (8.5  x  11  ft)  area.  An  increase 
factor  of  3.8  was  as  much  as  the  available  enlarging  equipment  would  allow.  To  assure  that 
all  map  sections  had  the  same  scale,  the  photographically  enlarged  sections  were  dried  at 
room  temperature  instead  of  being  heat  dried  which  might  have  caused  distortions. 

A  large  space  was  cleared  in  a  nearby  warehouse  to  be  the  work  area  for  this  project. 
An  indoor  environment  was  chosen  over  an  outdoor  site  primarily  because  of  the  weather 
•factor.  The  cover  of  the  warehouse  would  assure  against  any  weather  related  side-effects 
during  the  actual  testing.  Additionally,  working  indoors  also  assured  protection  from 
inclement  weather  to  the  workers,  maps,  and  construction  tools.  The  building  material 
chosen  for  construction  of  the  terrain  was  plywood  because  it  was  readily  available  in  a 
standard  size  and  thickness  of  1.2  m  x  2.4  m  x  2.54  cm  (4  ft  x  8  ft  x  1  in)  and  because  of  its 
structural  stability.  A  3.7  x  3.7  meter  (12  x  12  ft)  platform  elevated  15.2  cm  (6  in)  above  the 
ground  was  assembled  to  provide  a  level  base  on  which  to  work  and  plenty  of  room  for 
cables  to  run  underneath.  Fortunately,  the  1:1318  scale  allowed  for  a  very  convenient 
transference  of  actual  height  to  scale  height.  The  major  map  contours  ascend  in  100  meter 
increments  which  converts  to  7.62  cm  (3  in)  at  1:1316  scale  with  an  error  of  0.26%.  In  other 
words,  three  thicknesses  of  plywood  equals  a  scale  height  of  100.26  meters.  So,  every  100 
meter  increase  in  height  on  the  German  mountains  would  constitute  a  7.62  cm  height 
increase  on  the  model.  A  base  altitude  of  approximately  500  m  above  sea  level  was  found 
along  the  Saalach  River  near  Reiterpoint  and  deemed  the  low  point  on  the  map.  All  height 
delineations  were  made  referencing  500  m  as  the  base,  thus  placing  any  altitude  from  500- 
599  m  (mostly  all  of  the  river  basin)  flat  on  the  platform.  Seven  levels  or  21  layers  of 
plywood  were  needed  to  model  the  highest  mountains  on  the  test  site  which  corresponds  to 
1200  m  above  sea  level.  Figure  2  shows  some  construction  details  of  the  plywood  terrain. 


126 


The  wooden  contours  were  covered  with  plaster  is  the  critical  areas  to  get  the  taer  details 
of  the  altitude  modeling;  a  photograph  of  the  teat  site  is  shows  os  Figure  3.  Is  the  less 
critical  regions,  the  plywood  was  covered  with  firmly  packed  soil. 

2.2  Shock  Tube  Model.  According  to  Reference  1,  the  Reiteralpe  large  blast 
simulator  has  a  total  length  of  106  m,  and  a  cross-section  of  76  meter  square.  The  Soor  is  13 
m  wide,  and  the  height  is  7  m  with  a  2.5  m  vertical  part  and  a  semicircle  on  top.  The  blast 
wave  generator  or  driver  consists  of  144  pressure  bottles  6.34  m  long  clamped  horizontally 
into  a  frame  resting  against  the  shock  tube  back  wall. 

From  the  dimensions  reported  in  Reference  1,  the  cross-sectional  area  was  calculated 
to  be  75.3  meter  square  which  is  0.7  meter  square  less  than  the  number  reported  therein. 

Using  75.3  m  as  the  cross-sectional  area  resulted  in  a  hydraulic  diameter  of  0.79  m.  Scaling 
by  1:1316  gave  a  hydraulic  diameter  of  0.744  cm  (0.203  in).  The  scaled  shock  tube  was 
constructed  out  of  steel  pipe  having  a  nominal  inside  diameter  of  0.767  cm  (0.302  in).  This 
means  that  the  Mated  tube  is  3.1%  larger  than  it  should  be.  This  small  systematic  error  was 
considered  acceptable  for  several  reasons.  It  was  not  possible  to  locate  a  drill  bit  that  would 
allow  for  machining  a  pipe  to  exactly  0.293  in.  Also  the  error  was  on  the  conservative  side 
and  thus  would  give  higher  field  pressures  than  a  0.293  in  tube.  Lastly,  the  cross-sectional 
area  reported  in  Reference  1  was  slightly  larger  than  the  area  used  herein. 

It  was  infeasible  to  scale  the  6.34  m  high  pressure  gas  bottles  by  1:1316  so  a  simple 
compressed  air  driver  which  was  filled  from  a  pair  of  6.9  bar  (100  psi)  bottles  was  used.  The 
length  of  the  driver,  including  air  in  the  control  valve,  was  7.1  cm  (2.8  in).  The  diaphragm 
material  was  0.00635  mm  (0.25  mil)  mylar  for  the  low  pressure  range  and  0.0127  mm  (0.5 
mil)  mylar  for  the  high  pressure  range.  Mylar  was  easy  to  cut,  easy  to  handle,  and  gave 
consistent,  repeatable  results.  The  mylar  diaphragm  was  ruptured  by  piercing  it  with  a  pin 
placed  in  a  1  mm  hole  in  the  downstream  tube  wall.  (Other  materials  that  were  tried  as 
diaphragms  at  this  Male  gave  interesting  but  negative  results.  Ordinary  writing  paper  was 
far  too  strong,  aluminum  foil  was  hard  to  handle  without  causing  wrinkles  and  therefore  did 
not  give  repeatable  results,  and  wax  paper  became  porous  under  pressure.)  The  downstream 
or  test  section  of  the  shock  tube  was  30.5  cm  (12.0  in)  long.  The  driver  to  test  section  length 
ratio  was  chosen  to  give  a  flattop  wave  at  the  exit.  An  Endevco  pressure  transducer  was  • 

placed  5.1  cm  (2.0  in)  from  the  open  end  to  record  the  shock  pressure  within  the  tube  near 
the  exit.  The  operational  shock  tube  may  be  seen  on  both  Figures  2  and  3. 

The  shock  tube  was  very  easy  to  operate  and  had  a  turnaround  time  of  only  ten 
minutes.  The  circular  mylar  diaphragm  was  punched  out  of  a  sheet  of  mylar  using  a  custom 
made  hole  punch  and  was  placed  on  an  O-ring  that  was  seated  at  the  end  of  the  driver.  The 
downstream  section  was  screwed  into  the  driver  forming  a  pressure  tight  seal  at  the  O-ring. 

2.3  Instrumentation-  Pressure-time  data  were  recorded  at  five  locations,  one 
within  the  model  shock  tube  using  an  Endevco  gage  Model  8510  and  at  4  field  positions 
using  Susquehanna  yellow  dot  gages  Model  ST-2.  Neff  Model  122  amplifiers,  rated  at  100  ks, 
were  used  to  amplify  the  gage  signals.  PMifie  Instruments  Model  9820  transient  data 
recorders,  having  12  bit  resolution  and  a  2  microsecond  sampling  rate,  vtere  used  to  digitise 
and  store  the  data  which  was  then  transferred  to  a  Hewlett  Packard  (HP)  Model  9807A 
Integral  Persona]  Computer.  The  HP  electrolumineMent  monitor  produced  a  graphic  display 
that  facilitated  analysis  of  the  shots.  This  very  efficient  data  acquisition  scheme  made  it 
possible  to  fire  many  shots  with  little  turnaround  time.  In  the  event  of  a  misfire,  erratic 
diaphragm  break,  or  instrumentation  error,  a  quick  look  at  the  shock  tube  gage  record  was 
all  that  was  needed  in  order  to  decide  to  throw  out  the  shot  and  repeat  it.  Good  shot 
pressure-time  records  were  then  plotted  out  using  an  HP  Thinkjet  printer.  The  records  were 
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stored  ou  a  3.25  in,  double  density,  double  sided,  1.2  megabyte  floppy  disks  and  transferred 
to  cassette  tapes  for  farther  redaction  on  a  Tektronix  4052A  micro-computer,  4631 
hardeopicr,  and  4662  plotter. 

The  Enderco  gage  was  chosen  for  the  shock  tube  station  because  the  gage  has  a  2.34 
mm  (0.092  in)  ease  diameter  with  a  1.25  mm  (0.05  in)  diameter  sensing  element.  A  small 
diameter  gage  was  needed  since  the  shock  tube  diameter  is  7.67  mm  (0.302  in),  and  a  larger 
gage  would  have  obstructed  the  flow  that  was  being  measured.  This  type  gage  had  one 
noticeable  disadvantage.  It  has  a  natural  frequency  of  100  ki  and  this  periodic  ringing  was 
evident  on  each  shock  tube  station  record.  The  ringing  was  filtered  out  by  smoothing  the 
records  on  the  Tektronix  4052A  computer. 

The  Sustjuehanna  gage  was  chosen  for  the  field  stations  because  no  other  available 
gages  would  adequately  record  these  short  duration,  extremely  low  pressure  records.  PCB 
Inc.  piezoelectric  gages,  having  a  quarts  sensing  element,  were  not  sensitive  enough  to  record 
low  pressures.  The  electronic  signal  to  noise  ratio  made  the  records  useless  when  these  gages 
were  tried.  The  Susquehanna  gages  have  200  ks  natural  frequency  and  100  mv/psi 
sensitivity,  but  are  unstable  to  temperature  changes.  The  temperature  instability  is  inherent 
to  gages  having  a  sensing  element  composed  of  manmade  ceramic  crystal  material.  The 
temperature  problem  was  solved  by  calibrating  each  gage  from  60°  F  to  100°  F  in  10  degree 
increments,  recording  the  temperature  at  the  time  of  each  shot,  and  then  making  a  scalar 
correction  to  the  gage  calibration  level.  Since  only  short  duration  waveforms  were  being 
measured,  AC  coupling  was  used  to  cancel  moet  of  the  baseline  drift  which  was  a  result  of 
the  temperature  sensitivity.  The  Susquehanna  gage  element  diameter  is  1.27  cm  (0.5  in) 

The  1:1300  scale  imposed  difficulties  on  the  ability  of  the  instrumentation  to 
adequately  capture  and  record  the  shock.  The  most  significant  losses  in  the  field  records 
were  a  result  of  the  amplifier  response  time  and  the  yellow  dot  gage  crossing  time.  As  much 
as  20%  of  the  field  record  peak  pressures  may  have  been  lost  because  of  the  instrumentation 
limitations.  The  largest  losses  for  the  shock  tube  gage  were  caused  by  the  gage  response 
time  and  the  amplifier  response  time.  The  shock  tube  station  losses  were  insignificant. 

2.4  Experiments.  Experiments  were  conducted  on  the  free  field  plaster  board  to 
establish  a  baseline  to  compare  with  results  from  the  topographical  model.  After  this 
baseline  was  established,  experiments  were  performed  on  the  topographical  model.  Shots 
were  fired  at  two  pressure  levels,  nominally  55  and  96  kPa  shock  tube  exit  pressure.  Before 
experiments  were  conducted  on  the  plaster  covered  model,  preliminary  tests  were  performed 
on  the  model  which  was  eovered  with  firmly  packed  soit.  The  »m!  was  too  rough,  granular, 
and  porous  to  be  used  on  a  1:1300  scale  model.  Therefore,  the  pressures  recorded  on  the  soil 
model  were  low  and  at  the  far  field  stations  difficult  to  interpret.  Using  a  plaster  model 
increased  the  pressures  and  made  it  much  easier  to  interpret  the  records.  Also,  the  field 
gages  were  shock  mounted  on  the  plywood  board  by  emplacing  the  5.08  cm  (2  in)  brass  gage 
mounts  in  oversized  mounting  holes  within  the  plywood  and  cushioning  the  mounts  with 
foam  rubber  and  duet  seal  (a  malleable  filler);  this  was  done  to  reduce  the  signals 
transmitted  to  the  gages  by  mechanical  vibration  of  the  solids  and  was  very  effective.  Even 
with  this  measure,  however,  because  the  system  was  recording  Pa  level  pressures,  there  was 
still  some  noise  superposed  on  the  records  which  made  it  difficult  to  determine  the  baseline. 
To  be  consistent,  the  baseline  for  each  record  was  determined  in  the  same  manner;  it  was  set 
to  0  Pa  at  the  shock  discontinuity. 
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3.  RESULTS 


The  results  are  summarized  in  Table  1  and  presented  graphically  in  Figures  4*8 
where  the  test  label  ‘Plaster  FF'  refers  to  the  plaster  covered  flat  surface,  and  the  label 
‘Plaster  Model’  refers  to  the  plaster  covered  terrain  model. 


Table  1.  Peak  Pressure  at  the  Four  Field  Gage  Positions 

Shock  Tube 
Station 

Pressure 

Test 

Configuration 

Field  Pressure 
(Pa) 

Station 

(kPa) 

D 

2 

3 

D 

55 

Flat  Surface 

ESI 

54 

□ 

Terrain  Model 

m 

25 

H 

66 

Flat  Surface 

m 

88 

69 

63 

Terrain  Model 

ESI 

43 

32 

Ea 

The  four  gage  positions  were  provided  by  the  FRG  and  are  indicated  on  Figures  1-3. 
Station  1  is  at  Oberjet  ten  berg,  0.764  m  from  the  shock  tube  open  end  and  at  an  angle  of  25° 
with  respect  to  the  shock  tube  axis;  Station  2  at  Unterjettenberg,  1.015  a  and  58.5°;  Station 
3  at  Reiterpoint,  1.869  m  and  51.3°;  and  Station  4  at  the  Reiteralpe  support  facilities,  0.365 
m  and  0°. 


4.  DISCUSSION 


Figure  4  shows  the  shock  tube  exit  pressure  records  at  low  and  high  pressure  for  each 
plaster  shot  configuration.  These  shots  were  chosen  for  comparison  because  the  exit 
pressures  are  quite  similar.  Figures  5-8  compare  the  records  at  Stations  1  -  4  at  both  low 
and  high  pressure.  The  most  important  phenomenon  observed  was  the  pressure 
enhancement  on  the  topographical  model1  at  Station  1  which  was  caused  by  a  reflection  as 
the  shock  wave  moved  up  the  slope.  Station  4,  which  is  located  in  the  valley  directly  in  front 
of  the  shock  tube  also  shows  an  enhancement  because  of  the  reflection  that  occurs  when  the 
shock  wave  notches  the  flat  area  at  the  bottom  of  the  valley.  Stations  t  ft  3  show  a  clear 
blast  attenuation  when  compared  with  the  flat  surface. 


The  free  field  plywood  surface  results  for  Stations  1-4  are  compared  with  Equation  1. 


P 


77^7 


a) 


where, 

P„  is  the  expected  overpressure  in  the  environment 
A  -  1.2  ±  0.2 
R,  -  1.35  ±  0.08 
Bt  -  56°  ±  3° 

Pu  is  the  overpressure  in  the  tunnel  outlet 
i  is  the  tunnel  diameter 
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Figure  7.  Pressure-time  Records  at  Station  3 


136 


OfUUC  (TUBED 


1  I  I  I  S  T  itfill 


■■■■■II 
■■■■■■I 

■■■llll 
■■■Hill 
llllllll 


iMMagai 

■  ■■■■■■■■ 

iSSSSiSi 

■■■■mi 

(■■11111 


• 

1:1300  Model 

□ 

Norway 

o 

James 

+ 

Bertr  and 

0 

AWRE  61/63 

V 

French  Tube 

A 

Norway 

P»t¥ 

Ml'llll 

■  ■■■■■I 

■  ■■■kll 
(■■■■I 


■  ■■■■■ 
■  ■■■■■ 


HBESBSSiiil 
(ShS^SBBSSiiS 


■tipllllll 

■Klllli 


■■■II 

IBIII 


■  ■■■Ml 
■■■■■■ 


■■■■i 


■■■ini 

llllllll 


■  ■■■I 

■  ■■II 


sisiiii 

■niHiuig 

miiiiti 


i  mmmmm  mmmmMB 
I— —■■■■■ 
■■■■■■■II 
■  ■■■■■■■II 

(■■■■■III 


■■■■■■I 
■  ■§■■■■! 
■  ■■■■■I 

mini 

1111111 


■■■■■■I 
■  ■■■■II 
■■■■■>■ 

1ISBSH 


■  fc*  '■«  a  m  Hi  H  ■  ■  ■ 

tT&temmMmn 

lriM?HHII 

n.veiin 

■■Sill 


and  Other  Data 


R  is  the  distance  between  the  tunnel  outlet  and  the  object  in  the  environment,  and 
v  is  the  angle  between  the  tunnel  axis  and  the  radial  R. 

This  formula  was  reported  by  Dr.  Amann  of  the  Ernst  Mach  Institute  as  indicated  in 
Reference  1.  (In  Reference  1,  »-*  1.35  ±  0.8)  The  equation  is  an  empirical  fit  to  data;  it  was 

reduced  from  experiments  where  TNT  charges  ranging  from  9.5  gm  to  151.5  gm  were 
detonated  in  a  non-responding  chamber  connected  by  a  passageway  (tunnel  outlet)  to  the 
outside  environment  and  was  reported  at  MABS  5.*  According  to  Reference  3,  the  data  was 
compared  with  data  from  compressed  air  shock  tubes,  and  the  fitted  parameters  showed 
qualitative  agreement.  Kingery4  has  compared  this  empirically  derived  equation  with  other 
similar  equations  and  found  that  for  a  large  variety  of  explosive  and  shock  tube  data 
Equation  1  adequately  predicts  the  environmental  overpressure.  The  predictions  generated 
by  Equation  1  are  shown  as  a  straight  line  on  Figure  9  and  may  be  compared  with  the 
experimental  results  and  other  data.  A  comparison  indicates  that  the  results  measured  on 
this  1:1300  scale  flat  surface  are  similar  to  what  would  be  measured  at  full  scale. 

5.  CONCLUSIONS 

The  enhancement  at  Station  1  and  the  attenuation  at  Stations  2  &  3  are  real  effects 
that  are  present  at  Reiteralpe.  The  enhancement  at  Station  4  may  or  may  not  be  occurring 
at  Reiteralpe,  depending  upon  just  how  well  the  1:1300  scale  model  simulates  the 
topography  at  this  near  field  position. 
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HOB  AIRBLAST  FROM  1000 -LB  CANDIDATE 
CHARGE  DEVELOPMENT  EXPLOSIVES 


INTRODUCTION 

High  explosives  have  been  used  rather  extensively  over  the  pest  25 
years  as  a  blast  source  for  research  in  aany  weapons  effects  testing 
progress .  TNT  was  used  in  block  built  configurations  for  large  suit! -ton 
charges  and  in  castable  spherical  fora  in  the  1000*216  lb  weights.  Alrblast 
recorded  froa  aany  of  these  events  exhibited  numerous  anooalles  and  In  some 
well  documented  instances  produced  a  shock  which  propagated  out  in  front  of 
the  aaln  wave.  Efforts  to  resolve  these  anomalous  effects  were  less  than 
successful. 

In  the  1970's,  TNT  for  sulti*ton  charges  war  replaced  by  contained 
aaaaonla  nitrate  fuel  oil  (ANF0).  One  thousand  pound  testing  programs  began 
using  cast  Pentollte  spherical  charges  anticipating  an  improvement  over  the 
TNT;  however,  snows lous  conditions  continued  to  occur  although  on  a  reduced 
scale. 

In  1982,  the  Denver  Research  Institute  (DRI)  conducted  a  series  of  8 -lb 
tests  comparing  HKX  based  explosive  PBX  9501  and  LX-10  with  Pentollte.* 
Sharp,  clean  shocks  were  observed  froa  the  photography  of  the  fireball  froa 
the  HKX  explosive  and  clean  waveforms  were  seen  In  the  pressure  records. 
The  Pentollte,  on  the  other  hand,  did  not  show  a  clean  shock  break  away  froa 
the  detonation  products  and  the  waveforas  were  not  as  good  as  those  froa  the 
KMX.  These  tests  prompted  an  Investigation  of  HMX-based  explosives  as 
candidates  for  a  charge  development  study.  When  it  was  discovered  that  the 
pressed  PBX  and  LX* 10  materials  could  not  be  obtained  for  charge  weights 
greater  than  64  lbs,  attention  was  directed  toward  solid  propellants. 


*  Wlsotski,  J.  and  Plooster,  M. ,  ’Comparison  of  Blast  Parameters  from 
KMX-Based  Explosives  to  Cast  Pentollte,’  Denver  Research  Institute,  DNA 
Report  TR-81-155,  June  1982. 


A  listing  of  the  characteristics  desired  of  a  high  explosive  charge  for 
high  fidelity  blast  studies  vas  developed  and  is  presented  in  Table  1.  The 
aost  important  features  are  the  capability  to  generate  a  symmetrical  and  a 
repeatable  blast  wave. 

Contacts  aade  with  a  aajor  aanufacturer  of  solid  propellants,  the 
Morton  Thiokol  Inc.,  resulted  in  the  casting  of  8 -lb  charges  using  their 
formulation  TPH  3242  which  contains  85t  HMX.  The  DRI  tested  these  charges 
in  1984  and  found  the  results  to  be  very  gratifying. ?  The  Ballistic 
Research  Laboratory  (BRL),  under  the  auspices  of  the  Defense  Nuclear  Agency 
(DNA),  followed  this  work  with  an  order  for  three  500  kg  (1100  lb)  spherical 
charges. 

Concurrent  with  the  production  of  the  three  Morton  Thiokol  charges,  the 
IRECO  company  was  working  with  the  Air  Force  Weapons  Laboratory  to  produce  a 
coaposlte  castable  explosive  designated  1 RESET  A-l.  The  basic  suiterial  of 
this  coaposlte  is  aanonlua  nitrate  and  since  a  booster  is  required  for 
detonation,  charges  of  the  8 -lb  scale  were  not  produced.  Instead,  larger 
charges  were  cast  for  the  1000 -lb  range  where  1500  lbs  of  aaterlal  was 
needed  to  gain  the  blast  equivalency  of  1000  lbs  of  TNT. 

Characteristics  of  the  two  charge  aatarlals  are  given  in  Table  2.  The 
TPM  3342  has  a  high  density  and  a  high  detonation  velocity,  is  detonable 
without  boosting  using  *n  exploding  bridge  wire  but  Is  not  oxygen  balanced. 
The  I  RESET,  on  the  other  hand,  has  a  low  density  and  a  low  detonation 
velocity,  requires  a  booster  to  detonate  but  is  oxygen  balanced.  A 
spherical  container,  in  this  case  an  alualnua  sphere,  was  placed  in  the 
1RESET  during  the  casting  process  to  hold  850  cc  of  sensitized  nitroaethane 
added  at  the  tine  the  charge  is  anted. 

gams  mom 

Two  tests  with  the  TPH  3342  at  a  height  of  burst  of  19.8  ft  were 
conducted  in  1985  over  an  existing  test  pad  at  the  Defence  Research 


^  Vlsotski,  John,  Denver  Research  Institute,  Private  Comaunicatlon. 


Table  1.  Characteristics*  Desired  of  a  High  Explosive 
Charge  for  High  Fidelity  Blast  Studies 

High  Energy 

High  Density 

High  Detonation  Velocity 

Clean  Shock  With  Early  Tice 
Emergence  From  Fireball 

No  or  Few  Anomalies 


Minimum  Fireball 


Castable,  No  Voids 
Self-Supporting 
Impervious  to  Moisture 
Long  Shelf  Life 
Repeatable 
Symmetrical 


Reasonable  Cost 


Class  A  (DOT) 
High  Quality 


No  Skin  Obstruction 


Spherical 


No  Booster  (Preferred) 
Oxygen  Balanced 


Table  2.  Charge  Fact  Sheet 


COMPOSITION 

DENSITY 

CASTABILITY 

TENSILE  PROPERTIES 

HOMOGENITY 

SENSITIVITY 

DOT  EXPLOSIVE  CLASS 
(cal/ g) 

ENERGY 

(cal/cc) 

GAS  VOLUME  (moles/kg) 

MAXIMUM  THEORETICAL 
VELOCITY  (fan/sec) 

MAXIMUM  THEORETICAL 
PRESSURE  (kbar) 

PHYSICAL  STATS 

CRITICAL  DIAMETER 

CHARGE  DIAMETER 

BOOSTER 

DETONATOR 


TPH  3342 

IRESET  A-l 

HMX  (150  -65,  5  -35)-84.80X 

R45M  &  IPDI  15.15Z 

THERMAX  0.05X 

PROPRIETARY 

1.632  g/cc 

1.26  g/cc 

BAYONET  &  VACUUM  CASTING, 

AIR  REMOVED  FROM  MATERIAL 

DURING  MIXING  PROCESS 

LAYERED  CASTING, 
SOLIDIFIES  ON  COOLING 

MAXIMUM  STRESS  112  pal 

STRAIN  AT  MAX.  STRESS  0.26  in/ln 
ELASTIC  MODULUS  1010  pal 

APPROXIMATELY  38  psi 

EXCELLENT 

EXCELLENT 

LOW,  LONG  SHELF  LIFE, 
IMPERVIOUS  TO  WATER 

LOW,  LONG  SHELF  LIFE 

A 

BLASTING  AGENT 

822 

880 

— 

1109 

— 

41 

9.10 

6.4 

— 

141 

CAST 

CAST 

NONE 

4" 

1086  lb  SPHERE 

32.75" 

1500  lb  SPHERE 
39.875" 

NONE 

SENSITIZED  NITROMETHANE 

REYNOLDS  INDUSTRIES  RP83 

REYNOLDS  INDUSTRIES  RP83 
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Establishment,  Suffield,  Alberta,  Canada  (DRES),  see  Table  3.  Figure  - 
shows  a  charge  in  place  and  ready  for  detonation.  Static  and  stagnation 
measurements  were  made  along  three  radials  approximately  120  degrees  apart 
(the  north  line  having  the  largest  number  of  gages).  Symmetry  of  the  blast 
wave  could  thus  be  checked  along  with  repeatability  when  the  second  shot  was 
fired. 


Two  tests  with  the  IRESET  at  a  height  of  burst  of  19.8  ft  were 
conducted  in  1986  over  a  new  test  pad  at  DRES.  Figure  2  shows  the  booster 
material  being  added  to  the  charge  and  Figure  3  shows  the  charge  being 
positioned  for  the  shot.  The  surface  area  under  the  charge  consisted  of 
relocatable  2- inch  steel  plates  supported  by  pea-sized  gravel  and  positioned 
in  the  ground  zero  region.  Static  and  stagnation  measurements  were  made 
along  two  lines,  180  degrees  apart.  As  with  the  TFH  3342,  symmetry  and 
repeatability  of  the  IRESET  could  be  examined. 


Additional  data  on  the  TPH  3342  explosive  is  included  from  two  shots 
fired  in. 1987  at  the  same  site,  at  heights  of  burst  of  36  ft,  see  Table  3. 
These  shots  used  the  new  test  pad  discussed  above  and  had  one -half  the 
layout  dedicated  to  non-ideal  airblast  studies  and  the  other  half  for  ideal 
blast  over  concrete  and  soil, 

INSTBVHEmUQN 

The  instrumentation  for  the  tests  was  the  analog  FM  data  acquisition 
system  as  deployed  on  past  experiments  of  this  size.  PCS  piezoelectric 
quartz  pressure  transducers  vere  connected  with  line  drivers  and  coupled  by 
coax  cabling  to  500  kHz  wide  band  II  magnetic  tape  recorders  to  achieve 
response  times  of  one  to  two  microseconds.  High-speed  cameras  were  used  at 
various  locations  on  the  layout  to  observe  the  detonation  and  shock 
development,  while  the  early  time  shock  structure  was  observed  by  the  laser 
photogramme try  technique.^ 


^  Wisotski,  John,  "Ultra  High-Speed  Ruby  Laser  Photographic  Light 
System, "  Proceedings  of  the  Sixth  International  Symposium  on  Military 
Applications  of  Blast  Simulation,  Vol  I,  Cahors,  France,  25-29  June  1979. 
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RESULTS 


The  shock  emerging  from  Che  fireball  was  clear  and  sharp  for  each  of 
Che  explosives  as  shown  by  Che  pho Cographs  of  Che  TPH  3342  in  Figure  4  and 
Che  IR£SET  in  Figure  5.  SeparaCion  from  Che  deConaCion  produces  occurred 
early  witi.  no  obscuraCion. 

Overpressure -time  records  obrained  aC  Che  same  scacion  using  Che  same 
gages  and  ehe  same  daCa  acquisiCion  sysCem  on  Cwo  shoes  are  compared  for  TPH 
3342  in  Che  nexc  chree  figures.  Figure  6.1  shows  Che  stable  pressure 
records  along  Che  surface  for  four  of  Che  sCations  insCrumenCed.  Excellent 
repeatability  of  Che  double  Mach  at  Stations  19  and  22  is  observed.  The 
repeatability  of  this  explosive  is  again  observed  in  Che  stagnation  records 
from  Chree  stations  shown  in  Figure  6.2.  Figure  6.3  shows  the  East  station 
at  16  ft  compared  with  the  mainline  station,  and  the  Vest  station  compared 
with  Che  mainline  station  at  22  ft,  1.5- inch  elevation.  Good  shock  symmetry 
is  Indicated  at  these  radial  distances. 

The  detonacion  of  the  IRESET  charges  produced  a  large  number  of 
fragments  from  the  breakup  of  the  booster  well.  These  fragments  were  found 
throughout  the  test  bed  and  ar=*  presumed  to  be  the  cause  of  perturbations  on 
many  of  the  gage  records.  Presented  in  Figure  7.1  are  static  overpressure 
records  along  the  surface .  The  double  Mach  wave  at  stations  18  and  19  was 
not  repeated  well  at  all,  although  stations  16  and  22  show  a  reasonable 
measure  of  repeatability.  A  good  correlation  is  also  seen  in  Figure  7.2 
with  static  measurements  at  40  ft  and  60  ft  and  stagnation  measurements  at 
26  ft  and  40  ft.  The  test  pad  used  for  the  IRESET  allowed  measurements  to 
be  made  at  different  azimuths  along  the  same  radial.  Figure  7.3  presents 
the  results  from  the  Stations  at  the  50  ft  radial  arc  on  Shot  4.  The  A-llne 
gage  was  approximately  six  feet  from  the  centerline,  the  B  gage  was  another 
two  and  one-half  feet  along  the  arc,  and  the  C  gage  was  six  feet  farther  on. 
Differences  between  the  two  records  are  considerable.  The  right  side  of  the 
figure  presents  records  from  the  East  and  Vest  stations  at  19  and  30  ft. 
Considerable  differences  also  occurred  at  theta  stations,  indicating  an 
asymmetrical  shock  wave  from  the  IRESET  charge. 


.c- 
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from  fireball,  1.825  ms,  TPH  3342,  Shot  85-1 


Figure  5.  Shock  front  emerging  from  fireball,  IRESET  A-l,  Shot  86-4,  1.070  ms. 
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Figure  6,1.-  Static  pressure  record  comparisons  along  the  surface,  TPH  3342,  Shots  85-1  and  85-2. 
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Figure  7.2.  Left  -  Stagnation  pressure  record  comparisons,  1-inch  elevation,  I RESET  A-l ,  Shots  86-4  and  86-5 
Right  -  Static  pressure  record  coaparisons  along  the  surface,  IRESET  A-l,  Shots  86-4  and  86-5. 


SHOT  4.  50  FT.  STATION  86  -  SHOT  4.  19  FT.  STATION 
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Figure  7.3.  Left,  static  pressure  record  coaparlsons  at  the  surface  on  the  50  ft.  arc,  IRESET  A-l 


The  1987  tests  using  TPH  3342  provided  an  opportunity  to  evaluate 
repeatability  because  Shot  87-2  was  a  repeat  of  Shot  87-1.  Both  shots  were 
at  a  height  of  burst  of  36  feet.  Gage  stations  were  selected  at  random  from 
those  placed  on  the  helght-of-  target  study  in  the  ideal  section  of  the 
layout.  The  comparisons  guide  are  shown  in  Figures  8.1  and  8.2.  Elevated 
gage  stations  show  both  incident  and  reflected  shocks.  These  vere  at  10 
feet  at  the  90-foot  station,  20  feet  at  the  120-foot  station,  30  feet  at  the 
150-foot  station,  and  60  feet  at  the  200- foot  station.  Excellent 
repeatability  was  realized  as  seen  by  the  figures. 

Arrival  time  versus  ground  range  for  the  TPH  3342  and  1  RESET  A-l,  Shots 

85- 1  and  86-4  respectively,  are  compared  in  Figure  9.  The  shock  velocity  of 
the  HMX  explosive  is  much  greater  than  the  ammonium  nitrate  from  ground  zero 
out  to  40  feet.  Since  the  detonation  velocity  of  TPH  3342  is  nearly  50% 
greater  than  the  IRESET  A-l,  this  difference  was  expected. 

Overpressure  versus  ground  range  for  the  two  charges.  Shots  85-1  and 

86- 4,  are  compared  in  Figure  10.  A  larger  number  of  stations  were  used  from 
the  new  test  pad  for  the  IRESET  shots  than  were  available  for  the  HMX  shots 
and  this  is  evident  in  the  plot.  Overpressure  enhancement  was  seen  in  the 
transition  region  of  Shot  86-4.  The  charge  weights  of  the  shots  differ  and 
this  is  evident  in  the  comparison. 

In  relating  these  explosives  to  Pentollte,  it  was  found  that  the  1500 
lbs  of  IRESET  yielded  blast  equal  to  1000  lbs  of  Pentollte  as  indicated  by 
the  radius  time  data  related  to  Goodman's  Pentollte  data,  Figure  11.  TPH 
3342  weighed  1086  lbs  and  is  related  to  a  1068 -lb  Pentollte  charge  tested  in 
1980  in  the  overpressure  distance  plot  of  Figure  12.  The  data  indicates  the 
TPH  3342  is  slightly  more  energetic  (5-10%)  than  the  Pentollte. 

COHCUOSIOH 

The  HMX-based  TPH  3342  explosive  produced  excellent  waveforms  with 
comparatively  few  extraneous  Inflections  in  the  tests  conducted. 
Repeatability  and  blast  symmetry  were  very  good  over  the  entire  pressure 
range.  Fireball  photography  showed  a  high  rate  of  expansion  indicative  of  a 
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T 120-20 


Comparison  of  TPH  3342,  Shot  87-1  and  87-2  records  at  stations  T120-20  and  T150-30 
(20  and  30-foot  elevations,  left  side),  and  at  station  T200.60  (60-foot  elevation, 
right  side) ,  ideal  sector. 
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overpressure 


MAXIMUM  PRESSURE 


high  detonation  velocity  explosive.  The  majority  of  the  criteria 
established  in  Table  1  was  met. 

1KESET  A-l,  the  asnoniua  nitrate-based  explosive  produced  waveforms  of 
varying  quality  -  many  were  excellent,  however,  many  showed  inflections  and 
sobm  reflections  resulting  from  the  breakup  of  the  aluminum  charge  booster 
container.  Asymmetry  and  non-repeatability  were  observed.  Fireball 
photographic  data  shows  a  low  expansion  rate  indicative  of  a  low  detonation 
velocity  explosive.  Although  many  items  in  the  criteria  established  in 
Table  1  were  met,  the  asymmetry  and  non- repeatability  make  IRESET  A-l 
undesirable  for  high  fidelity  experimental  research. 


EXPLOSION  AIRBLAST  PREDICTIONS  ON  A  PERSONAL  COMPUTER 
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Ground  Motion  ft  Seismic  Division 
Sandia  National  Laboratories 
Albuquerque,  New  Mexico 


ABSTRACT 

An  airblast  prediction  program  for  explosions,  called  BLASTO,  has  been 
written  for  use  with  IBM-PC  (or  compatible)  computers,  to  produce  overpressure- 
distance  curves  for  a  variety  of  interactive  input  conditions.  Several  common 
units  are  allowed  for  each  input,  but  calculation  and  output  are  in  SI  metric 
units.  Explosion  yield  (chemical  or  nuclear)  and  ambient  atmospheric  pressure 
are  used  to  generate  a  referenced  'Standard*  overpressure-distance  curve. 
Explosives  may  be  point  charges  at  any  height  above  ground  or  depth  below  the 
earth  surface.  Buried  charges  may  also  be  distributed  in  a  sheet,  or  ’HEST* 
configuration,  but  a  mining  model  for  a  number  of  point  charges  with  firing 
delays  has  not  yet  been  developed. 

If  upper  air  weather  data  or  forecasts  are  available,  they  can  be  used  to 
generate  directed  (wind  effects)  sound  velocity  versus  height  structures  which 
are  interpreted  to  give  attenuated  or  enhanced  overpressure-distance  curves. 
These  are  calculated  for  incremented  directions  around  the  compass  or  toward 
specified  targets  or  communities. 

Evaluation  of  the  recent  accidental  explosion  at  an  ammonium  perchlorate 
(A-P)  plant  in  Hendersdn,  Nevada,  made  use  of  BLASTO.  Damage  inspection  gave 
some  estimates  for  incident  overpressure  at  various  ranges.  These  showed 
considerable  scatter,  but  they  generally  surrounded  an  overpressure  versus 
distance  curve  calculated  for  1-kt  NE  free-air  burst.  Weather  data  and  directed 
sound  velocity  calculations  showed  that  seme  of  the  closest  residential  damages 
were  in  directions  of  minimal  weather-dependent  blast  distortion,  allowing  the 
conclusion  that  the  largest  explosion  could  be  simulated  by  a  250- ton  HE  surface 
burst.  Video-camera  recordings,  newspaper  eye-witness  accounts,  post-accident 
aerial  photographs,  seisaic  recordings,  and  a  report  of  the  A-P  storage  pattern 
have  been  reviewed  to  show  that  this  largest  blast  probably  occurred  in  a 
1500-ton  A-P  collection.  This  leads  to  1:6  TNT  airblast  equivalence  for  A-P. 


INTRODUCTION 


Predicting  ataospheric  influences  on  explosion  airblast  propagation  has 
evolved  froa  a  two-hour  process  of  number-punching  on  an  electro-mechanical  desk 
calculator  in  10S1  [1] ,  through  analog  computer  processing  [2]  in  about  15 
minutes  -  with  five  8-ft  relay  racks  of  electronic  components  -  for  ataospheric 
nuclear  tests  from  1955  to  1932,  to  general  assessments  of  ataospheric  structure 
which  can  be  made  on  a  programmable  pocket  calculator  that  allow  qualitative 
safety  conclusions.  Detailed  numerical  evaluations  for  expected  damage  still 
require  main  frame  computations  for  yield-scaled  overpressure-distance  curves 
and  bookkeeping  functions  of  damage  assessment  for  the  distribution  of  neighbors 
around  a  typical  explosion  test  site  [3] .  The  recent  proliferation  of  desk-top 
personal  computers,  with  large  memories  and  user-friendly  operations,  now  makes 
feasible  a  relatively  complete  airblast  prediction  program,  BLASTO,  that  is 
transportable  by  flopp)  disk  to  any  PC  that  is  IBM-compatible  and  uses  the 
MS-DOS  operating  system. 

BLASTO  begins  with  an  input  explosion  definition,  considers  the  burst 
environment  and  its  effect  on  airblast  source  strength,  and  generates  several 
typical  overpressure-distance  curves  for  various  weather  effects.  At  this  point 
in  planning  exercises  it  is  possible  bo  tell  whether  weather  needs  to  be  watched 
during  a  countdown.  If  so,  input  weather  data  are  used  to  show  directional 
refractive  enhancements  or  attenuations  of  airblast  propagation  with  expected 
overpress»ire-distance  curves  for  incremental  or  targeted  directions.  From 
these,  an  off-line  estimate  of  damage  may  be  made  for  each  community  of  concern. 

Diskette  copies  of  BLASTO,  along  with  necessary  instructions  and  input- 
output  examples,  are  available  on  request,  for  field  test  evaluation. 


COMPUTATION  MODEL 

A  flow  diagram  for  BLASTO  is  shown  in  Figure  1.  An  input  explosion 
definition  consists  of  a  yield,  I,  in  any  of  several  units  for  selected  explo¬ 
sives,  and  an  environment,  a  location,  elevation,  and  he ight-of -burst  (HOB). 

HOB  may  be  sero  for  a  surface  burst,  positive  for  an  airburst,  or  negative  for 
an  underground  burst.  Distributed  buried  charges,  such  as  HEST,  CARES,  etc., 
may  also  be  used.  The  positive  HOB  function  [4]  begins  with  a  2  V  apparent 
yield  value  for  a  surface  burst,  curves  up  to  5.6  W  |t  optimum  HOB,  and  reduces 
to  a  free-air  burst  1  f  value  above  about  700  n/kt  ,  as  shown  in  Figure  2. 
Source  strength  for  buried  charges  depends  on  the  amount  of  overburden  per  unit 
of  charge  weight  [5],  as  shown  in  Figure  3.  Ambient  pressure- at  the  burst  is 
obtained  from  a  weather  report,  if  available,  or  from  the  Standard  Atmosphere 
[6)  and  elevation. 

Apparent  yield  (free-air  burst)  is  then  used  to  scale  distances  [7]  in 
calculating  a  Standard  [4,8]  overpressure-distance  function.  Typical  weather 
effects  on  propagation  include  attenuation  by  upward  acoustic  refraction  as 
shown  in  Figure  4,  enhancement  by  acoustic  ducting,  and  amplification  by 
focusing  in  complex  atmospheric  conditions  as  shown  in  Figure  5.  Empirical 
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functions  sere  derived  [0]  for  staple  sound  velocity  versus  height  conditions 
where  the  overpressure-distance  decay  rate  depends  on  the  increase  or  decrease 
of  sound  velocity  between  the  surface  and  about  40  n/kg  3  height  as  shown  in 
Figure  6.  When  there  is  focusing,  focal  distance  cannot  be  accurately  predicted 
because  of  its  great  sensitivity  to  measurement  and  turbulent  errors  in  defining 
sound  velocity.  For  those  cases,  the  envelope  of  overpressures  in  Figure  6 
contains  about  953  of  the  relatively  few  data  points  that  have  been  acquired 
from  tests.  The  world  record  focused  overpressure  magnification  of  9.6  X  was 
found  during  French  sonic  boom  tests  [10] .  A  window  damage  threshold  was 
established  by  incidents  from  atmospheric  nuclear  tests  [2] . 

Input  weather  data  requirements  are  for  pressure,  temperature,  and  wind 
vectors  to  such  altitudes  as  may  cause  j  -  ipagation  problems  [1] .  Sound  speed 
depends  on  air  temperature,  and  directed  sound  velocity  is  the  sum  of  sound 
speed  plus  the  directed  wind  component.  Vertical  structure  of  directed  sound 
velocity  then  determines  the  airblast  overpressure-distance  curve  expectation 
for  that  direction.  This  is  as  far  as  BLASTO  goes  at  the  present  tine. 

Damage  prediction  requires  another  empirical  approximation,  for  window 
damage  probability  versus  incident  overpressure  [4]  derived  from  accident  analy¬ 
ses  [11] ,  as  shown  in  Figure  7.  Vindow  surveys  or  estimates  based  on  population 
census  values  give  the  number  of  exposed  window  panes,  which  are  multiplied  by 
appropriate  probabilities  to  give  the  number  of  broken  panes.  This  nay  or  nay 
not  frighten  test  eanagement  into  calling  a  delay  for  better  weather.  These 
manipulations  will  eventually  be  included  in  BLASTO  to  compute  expectations  for 
numbers  of.  broken  panes. 


FUTURE  MODIFICATIONS 

Planned  expansions  for  BLASTO  include  sore  detailed  damage  and  hasrxd 
evaluations,  pending  final  analyses  of  glass  breakage  tests  at  MISTY  PICTURE 
[12] .  For  countdown  decision-aaking,  BLASTO  should  also  provide  consideration 
of  localized  diurnal  variations  in  surface  wind  and  temperature  [13] ,  as  well  as 
time-dependent  statistical  treatments  of  weather  prediction  errors  and  uncer¬ 
tainties  [14] .  One  needs  to  know,  when  conditions  look  good,  how  close  the 
weather  nay  be  to  causing  a  serious  incident.  Or,  when  conditions  look  bad,  how 
much  diurnal  or  statistical  change  is  needed  to  sake  a  test  safe. 

Finally,  in  response  to  recent  requests,  a  source  nodel  for  underwater 
bursts  is  planned.  There  has  been  no  attempt  to  generate  graphic  outputs,  since 
each  PC  installation  is  likely  to  have  its  own  graphics  capability  and  system. 

A  choice  is  presented,  however,  between  immediate  output  to  a  terminal  or  crea¬ 
tion  of  an  output  data  file  which  may  be  read  and  rewritten  in  a  local  format 
for  graphics  preparations.  We  welcome  consents  or  suggestions  about  other 
specific  useful  modifications  to  this  program. 
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HENDERSON  EXPLOSIONS 


A  series  of  large  explosions  destroyed  tie  Pacific  Engineering  Company 
(Pepcon)  plant  in  Henderson,  Nevada,  which  manufactures  ammonium  perchlorate 
(A-P)  for  rocket  fuel,  beginning  about  1151  PDT  Hay  4,  1888.  Since  a  number  of 
Sandians  live  near  the  plant,  our  investigation  was  made  to  explain  what  hap¬ 
pened  to  them.  New  housing  projects,  that  extend  south  from  Is  Vegas  into  the 
city  limits  of  Henderson,  reached  within  2  km  of  the  explosions.  A  first 
inspection  of  damage  to  these  houses  left  an  impression  of  only  slightly  less 
severe  blast  effects  than  were  encountered  in  a  Civil  Defense  test  [2]  that 
exposed  typical  houses  to  0.5-psi  overpressure  from  Turk,  a  1955  atmospheric 
nuclear  test  in  Yucca  Flats.  Damage  also  appeared  to  be  more  severe  than  at  the 
Admin  Park  for  MISTY  PICTURE  [15] ,  a  large  chemical  explosion  test  at  White 
Sands  Missile  Range  in  1987,  where  nearly  0.4-psi  overpressure  was  recorded.  As 
shown  in  Figure  8,  this  overpressure  range  at  2-km  distance  falls  near  the 
Standard  curve  calculated  from  BLASTO  for  a  1-kt  NE  free-air  burst. 

A  number  of  other  window  damage  incidents  have  been  analysed,  some  as  far 
as  15  km  from  the  plant.  The  number  of  broken  panes  (_♦  0.5)  in  an  area, 
divided  by  the  number  of  similar  panes  exposed,  gives  a  breakage  probability 
range  which  may  be  translated  to  an  overpressure  range  at  a  map-determined  dis¬ 
tance.  Some  results,  and  many  more  will  be  included  when  analysis  is  complete, 
are  included  in  Figure  8  to  support  the  early  yield  estimate.  Since  a  1-kt  NE 
free-air  burst  Standard  curve  can  be  duplicated  with  a  0.5-kt  NE  (hemispherical) 
surface  burst,  and  this  by  a  0.25-kt  HE  surface  burst,  considering  the  2:1  HE:NE 
yield  equivalence,  the  largest  Pepcon  explosion  thus  appears  to  have  been 
equivalent  to  about  250- ton  TNT. 

Upper  air  weather  conditions  were  observed  at  Desert  Rock,  100  km  northwest 
of  Henderson,  about  six  hours  before  and  after  the  accident,  at  internationally 
scheduled  times.  Combined  with  surface  weather  conditions  reported  at  McCarran 
Field,  Las  Vegas  airport,  an  estimated  shot-time  sounding  could  be  interpolated 
to  give  sound-velocity  height  curves  from  BLASTO  calculations  for  various  direc¬ 
tions  in  Figure  9.  The  nearest  housing  damage  was  nearly  crosswind,  toward 
300°,  so  it  was  probably  not  significantly  distorted  by  atmospheric  refractive 
effects. 

There  were  a  number  of  explosions,  according  to  eye-witnesses,  following  a 
first  large  one  which  started  a  mass  evacuation  from  the  Pepcon  plant  as  well  as 
from  the  marshmallow  factory  next  door.  A  seismic  recorder  in  a  Henderson  Fire 
Department  station,  3.6  km  north  of  the  blasts,  showed  both  fast  travelling 
ground  shocks  and  later  ground  motion  induced  by  airblast  waves.  This  and  other 
seismic  recorders  from  the  Las  Vegas  area,  operated  to  document  ground  motion 
from  underground  nuclear  tests,  provide  time  estimates  of  18:53:35.01+  0.44s  UT 
and  18:57:35.05+  0.48s  UT  for  the  two  largest  explosions,  with  a  much  smaller 
one  at  18:56:15.30  UT. 
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Video-camera  recordings  shown  on  TV,  and  post-accident  aerial  photographs 
takes  by  EG4C  at  the  request  of  the  Department  of  Energy,  Nevada  Operations 
Office,  showed  the  largest  explosion  and  ground  disturbance  occurred  on  the  east 
edge  of  the  Pepeon  c6apound .  According  to  Claude  Merrill  at  Edwards  AFB,  the 
eastern  A-P  storage  area  contained  approximately  3  million  pounds,  or  1500  tons, 
of  A-P.  This  accident  suggests  a  1/6  TNT  equivalence  for  A-P,  a  value  not 
generally  provided  for  in  handling,  transport,  or  manufacture  of  this  material. 
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Figure  1.  BLASTO  Airblast  Prediction  Flow  Chart. 
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Figure  4.  Blast  Ware  Distortions  Caused  by  Atmospheric  Conditions 
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Figure  6.  Overpressure  Versus  Distance  Curves  for  a  1-kt  Nuclear  Free-Air 
Burst  Standard  Explosion  in  Various  Atmospheric  Conditions. 


Figure  7.  Window  Damage  Probability  Versus  Incident  Airblast  Overpressure 
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8.  Incident  Overpressures  Estimated  from  Blast  Damage  by  Pepcon  Explosions. 
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Abstract 

The  effect  of  steel  case  weight  to  the  variation  of  airblast  parameters  was  studied. 
A  series  of  tests  were  made  with  cylindrical  RDX-charge3  that  were  either  bare  or 
cased  by  steel  cylinders  of  different  thickness.  The  test  results  show  a  more  distinct 
case  effect  on  the  blast  impulse.  Various  approximation  formulae  to  determine  the 
equivalent  bare  charge  weight  for  cased  charges  have  been  suggested.  Ail  of  these 
formulae  do  not  meet  the  definition  that  the  equivalent  bare  charge  weight  must  be 
zero  if  there  is  no  charge  in  the  metal  case.  It  is  suggested  that  different  formulae 
should  be  used  to  describe  the  case  effect  for 


peak  overpressure  CP 


and  for 


specific  blast  impulse  CJ  a 


[*M 


[ottv] 


'  a 


W  =  charge  weight  M  =  steel  case  weight 


8  =  =  charge  weight  to  total  weight  ratio 
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The  effective  bare  charge  weight  will  ba  calculated  by  using  CP  and  CJ  as  factors 
to  the  actual  weight  of  explosive  in  the  3teel  cased  cylinder.  Both  formulae  meet 
the  condition  mentioned  above  and  fit  to  the  test  results  as  well  as  to  data  taken 
from  references.  Besides,  there  is  a  close  relationship  to  the  Gurnay  energy 
equation. 

Introduction 

Experimental  data  indicate  that  blast  parameters  of  cased  HE  are  significantly 
different  from  those  determined  for  bare  charges.  A  number  of  methods  have  been 
proposed  to  relate  cased  and  bare  cylindrical  charges.  One  approach  is  to  assume 
that  the  only  variable  significantly  contributing  to  the  blast  parameters  other  than 
charge  weight  W  and  standoff  R  is  casing  weight  M.  An  equivalent  bare  charge 
weight  W'  can  then  be  defined.  An  equivalent  scaled  distance  Z*  is  calculated  and 
the  blast  parameters  are  obtained  as  for  bare  charges.  One  is  interested  in  this 
approach  as  standard  curves  for  bare  charges  are  available. 

Many  different  casing  formulae  have  been  proposed  in  the  past.  There  are  empirical 
approximation  formulae  as  proposed  e.g.  by  Baker  (SwRI)  and  Proctor  (NOL)  (Lit. 6} 
7)  that  are  shown  in  Figure  5.  Also  semi-empirical  formulae  have  been  proposed, 
e.g.  by  Gurney,  Fano,  J.  Dewey  (BRL)  and  by  British  authors,  that  are  shown  in 
Figure  6.  None  of  these  approaches  seemed  to  be  suited  to  describe  well  the 
experimental  data.  Hence  a  new  approach  has  been  stated  to  find  a  better  formula. 

By  definition  the  equivalent  charge  weight  factor  must  be  1  for  bare  charges,  a 
condition  that  will  be  met  by  all  the  approximation  formulae.  If  there  is  no  charge 
In  the  metal  case,  then  the  casing  factor  must  be  0.  It  is  a  drawback  of  all  the 
approximation  formulae  that  they  do  not  meet  this  condition.  It  will  be  shown  that 
the  equivalent  bare  charge  weight  for  the  peak  overpressure  can  be  determined  by 
formulae  that  meet  the  conditions  mentioned  above  and  also  fit  to  the  test  results. 
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Test  Arrangement  and  Test  Results 

A  test  program  has  been  planned  under  the  premise  that  as  few  parameters  as, 
possible  should  be  varied.  Cylindrical  charges  having  the  length  to  diameter  ratio  of 
1  were  selected.  All  charges  were  made  of  pressed  RDX  with  nominal  weight  of  W 
=  1  kg.  Bare  charges  have  been  detonated.  In  order  to  check  casing  effects 
cylindrical  cases  made  of  mild  steel  with  3  different  nominal  weights  of  1  kg,  2  kg 
and  4  kg  were  put  on  the  charges  as  shown  in  Figure  1.  Heavy  steel  plates  were 
put  on  top  and  base  cf  the  charges.  Ignition  took  place  at  the  top  center.  As  a 
result,  one  can  say  that  the  only  variable  significantly  contributing  to  the  variation 
of  the  blast  parameters  is  the  casing  weight  M. 

Each  of  the  4  te3t  arrangements  as  shown  in  Figure  1  has  been  fired  5  times. 
Side-on  pressure-time  histories  were  measured  at  8  stations  along  two  blast  lines 
perpendicular  to  each  other.  Gage  distances  were  locked  between  5  m  and  30  m 
from  GZ.  Absolute  distances  are  identical  with  scaled  distances  in  m/kgl/3  a3  only 
1  kg  charges  were  used.  The  test  results  are  valid  in  the  medium-to-far  field  below 
100  kPa  peak  overpressure. 

The  data  was  reduced  with  an  evaluation  program  using  an  HP  9845  desk  computer. 
About  160  pressure-time  records  were  analyzed  to  determine  shock  front  arrival 
time,  shock  front  overpressure,  specific  overpressure  impulse  and  positive  phase 
duration.  Graphical  plots  of  the  blast  parameters  have  been  generated,  as  shown  in 
Figure  2  for  one  example.  The  straight  lines  in  this  figure  represent  smothed, 
numerical  fits  to  the  experimental  data. 

Experimental  results  for  equivalent  bare  charge  weight  factors  were  determined  by 
calculating  the  bare  charge  that  produces  the  identical  side-on  peak  overpressure  PS 
or  side-on  specific  blast  impulse  IS  at  the  identical  standoff  R  (in  m).  The  final 
result  of  the  data  reduction  process  is  summarized  in  Figure  3.  These  data  will  be 
used  in  order  to  find  an  equation  to  determine  the  effects  on  airblast  of  a  steel 
casing  surrounding  a  cylindrical  charge. 
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Discussion 

Four  statements  are  to  be  made  at  the  beginning  of  the  discussion: 

A.  The  working  hypothesis  i3  used  that  part  of  the  detonation  energy  is  used  up  to 
plastically  deform  and  brake  up  the  esse,  to  heat  and  accelerate  the  fragments. 
As  long  as  this  hypothesis  holds  the  effective  bare  charge  weight  W'  for  airblast 
will  be  smaller  than  the  actual  weight  of  explosive  W  in  the  steel  cased 
cylinders.  Experimental  data  indicate  that  the  hypothesis  proves  well  for 
cylindrical  charges  made  of  RDX  or  Comp  B  and  cases  made  of  mild  steel. 

B.  The  assumption  is  made  that  the  only  variable  significantly  contributing  to 
change  the  biast  parameters  is  the  casing  weight  M.  It  is  thi3  assumption  that 
limits  the  range  of  validity  of  different  casing  formulae. 


|« 


C.  The  "casing  factor"  C  is  used  in  order  to  calculate  the  airblast-effective  bare 
charge  weight  W'  of  a  steel-cased  HE  cylinder  from  the  actual  weight  of 
explosive  W.  By  definition  this  nondimensional  factor  is  C  =  1  for  a  bare  charge 
without  any  case  and  C  =  0  for  a  steel  case  without  any  charge  In  it. 

D.  A  simple  formula  for  C  is  desired  that  meets  the  conditions  mentioned  above 
and  also  fits  to  the  experimental  data.  It  will  be  shown  that  the  nondimensional 
charge  to  total  weight  ratio  parameter  a  =  W/W  ♦  M  is  suited  to  describe  such 
a  formula.  This  parameter  varies  from  a  =  1  for  a  bare  charge  without  any  case 
to  a  =  0  for  a  steel  case  without  any  charge  in  it.  The  discussion  of  casing 
formulae  should  be  restricted  to  the  range  0.2  <  a  <  0.8.  Outside  this  range 
other  parameters  than  the  casing  weight  M  may  strongly  affect  the  test  results. 


*n  Figure  4  the  experimental  results  are  summarized.  Each  data  point  represents  at 
least  5  shots.  The  actual  charge  was  for  all  shots  8  1  kg  RDX  cylinder  at  the 
length-to-diameter  ratio  of  1.  Three  different  cases  made  of  1  kg  (a  =  0.5);  2  kg  (a 
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=  0.33)  and  4  kg  (a  =  0.2)  of  mild  steel  were  used.  It  is  clearly  to  be  recognized 
from  this  diagram  that  the  casing  factor  C  for  the  specific  blast  impulse  is  smaller 
than  for  the  peak  overpressure.  Hence  two  different  casing  formulae  will  be  needed. 

In  Figure  5  two  empirical  approximation  formulae  are  shown.  The  equation 

C  =  0.2  +  0.8  a 

fits  the  data  points  for  blast  impulse  rather  well.  Some  data  points  from  Lit.  6  and 
Lit.  7  have  been  added  to  the  diagram.  For  certain  purposes  the  equation 

C  =  C.4  +  0.6  a 


could  be  useful  in  order  to  describe  the  case  effect  for  peak  overpressure 
measurements.  A  principal  drawback  of  both  formulae  is  that  they  do  not  meet  the 
condition  that  the  casing  factor  must  be  zero  (C  =  0  or  W'  =  0)  for  cases  without 
explosive  content  (W  =  0  or  a  =  0). 


A  semi-empirical  relationship  has  been  developed  many  years  ago  by  Gurney  (Lit.  4) 
that  allows  the  evaluation  of  the  initial  velocity  of  Tragments  for  a  charge  which 
consists  of  an  evenly  distributed  explosive  in  a  cylindrical  metal  case  of  uniform 
thickness.  The  initial  velocity  V0  is  described  in  terms  of  the  type  of  explosive  e, 
the  weight  of  explosive  W  and  the  weight  of  the  cylindrical  portion  of  the  metal 
casing  M. 


(2e)1/2  ( 


W/M 

Tvm 


1/2 


) 


(2  e)1/2-( 


w 

TT5H 


1/2 


(1) 


Where  (2e)l/2  is  the  Gurney  Energy  Constant  which  was  developed  from  empirical 
data  for  various  explosive  materials  contained  in  mild  steel  casings. 


To  develop  equation  (1),  it  was  assumed  that  the  yield  or  total  explosive  energy  E0 
=  e  •  W  is  transformed  to  kinetic  energy  of  the  metal  case  and  part  of  the 
detonation  products.  The  energy  equation  was  used  for  cased  cylindrical  charges: 
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e  •  W  =  \  (M  +  0.5  W) .  Va2 
that  can  be  transformed  to 


(2) 


e  •  W  =  0.5  M  V02  +  0.25  •  W  •  VQ2 


(3) 


In  order  to  estimate  the  airblast-effective  bare  charge  W',  it  has  been  argued  that 
the  airblast  is  produced  by  the  energy  of  the  detonation  products  only 


E0 


e  •  W  =  0.25  •  W  •  V02 


(4) 


As  a  result,  the  following  casing  factor  was  calculated  with  Eg  =  e  W 

Eo  W  W  a 

^  =  TT  *  FT7M  =  7~TT 


(5) 


It  has  been  detected  long  ago,  and  may  be  seen  from  Figure  6  that  formula  (5)  does 
not  meet  the  experimental  results.  Fano  (Lit.  4)  has  suggested  a  modification  of 
formula  (5)  by  arguing  that  a  constant  portion  0.2  W  of  the  actual  weight  of 
explosive  charge  contributes  to  the  airblast  effective  weight  independent  of  the  cype 
of  metal  casing.  The  rest  of  the  Fano-formula  is  taken  from  Gurney's  energy 
equation: 


C 


0.2  + 


0.3-  W 

mm? 


tt-L-  (0.4  +  0.6a) 

c  “  o 


(6) 


It  is  3hown  in  Figure  6  that  Fano's  formula  does  not  meet  the  experimental  data 
either.  Some  more  modifications  of  Fano's  casing  factor  have  been  proposed  by 
different  authors  (Lit.  4;  10;  13),  as  was  shown  in  Figure  6.  AH  the  formulae  of  the 
Fano-type  do  not  meet  the  definition  that  the  airblast-effective  bare  charge  weight 
W'  must  be  zero  (W'  =  0)  for  a  steel  case  without  any  charge  in  it  (W  =  0).  They 
also  show  the  wrong  curvature  in  order  to  meet  the  experimental  data. 


Another  modification  of  Gurney's  casing  factor  is  proposed  in  Figure  7.  Not  the  term 
a/2  -  a  but  the  square  root: 
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r,_  W’  _  /  W  /a 

CJ-  «r  “  V  Fra*  =  v  (7) 

describes  well  the  data  points  and  is  recommended  here  for  casing  factor  CJ 
accounting  for  the  specific  blast  impulse. 

To  get  a  casing  factor  accounting  for  the  peak  overpressure,  a  different  energy 
equation  will  be  used.  Years  ago  at  the  Explosive  Safety  Seminars  there  were  many 
presentations  on  the  Navy  Explosives  Safety  Improvement  Program  (NESIP).  The 
Unified  Theory  of  Explosions  (UTE)  was  part  of  this  program.  In  UTE  it  was 
assumed  that  the  yield  or  total  explosive  energy  En  is  partitioned  equally  among 
the  total  mass  present,  HE  plus  case,  or  W  +  M.  It  was  taken  into  consideration 
that,  when  the  shock  emerges  from  the  case,  a  strong  rarefaction  wave  moves 
inward  to  the  center  of  explosion  which  converts  all  the  local  energy  to  kinetic 
energy.  By  setting  the  kinetic  anergy  equal  to  the  yield 

e  •  W  =  |  (M  +  W)  •  V02  (8) 

the  proper  average  velocity  gives 

V„  *  (2  =)1/2  (u-rn)1^  *  v^e-  Vi  « 

It  was  emphasized  in  the  UTE  presentation  that  thi3  approach  takes  care  of  the 
fact  that  the  blast  energy  13  peaked  at  the  front,  which  was  omitted  by  the 
Gurney-Fano  approach. 

The  energy  equation  (8)  can  be  transformed  to 

e  •  W  r  0.5  M  V02  +  0.5  W  V02  (10) 

Under  the  assumption  that  the  blastwavp  is  generated  by  the  energy  of  the 
detonation  products  only  results: 

Eg  =  eW'  =  0.5  •  W  •  V02  =  ^y  W  (11) 
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with  E0  =  e  W 


W 

rm 


In  Fiqure  8  is  shown  that  the  terms 


/  W 

=  v  BTR 


the  square  root  of  the  charge  to  total  weight  ratio  describes  well  the  casing  factor 
accounting  for  the  peak  overpressure.  It  is  also  shown  that  the  linear  equation  CP  = 
a  does  not  meet  by  far  the  experimental  data. 


Finally,  in  Fiqure  9  the  ratios 


2  -  a 


that  describes  the  difference  between  the  casing  factors  accounting  for  peak 
overpressure  (13)  and  for  specific  blast  impulse  (7)  is  compared  to  results  from  the 
literature.  Petes  (Lit.  8)  derived  a  constant  factor  1.19  from  the  experiments  that 
were  made  at  the  Naval  Ordnance  Laboratory.  In  England  tests  were  made  with 
different  ordnance  (Lit.  4).  The  Fano  formula  was  used  for  tne  casing  factor 
accounting  for  specific  blast  impulse  and  a  modified  Fano  formula  for  peak 
overpressure  as  shown  in  Fiqure  6.  It  may  be  recognized  that  in  any  case  the 
impulse  casing  factor  was  found  to  be  smaller  than  the  peak  overpressure  casing 
factor.  In  the  region  where  tests  were  made  with  different  ordnance  the  three 
approaches  are  in  satisfactory  agreement,  indicating  that  the*  new  approach  is  in 
coincidence  with  former  experimental  results. 
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Conclusions 

For  practical  application  in  the  field  of  explosive  safety,  approximation  formulae  of 
the  linear  type  as  shown  in  Figure  5  are  well  suited.  Semi-empirical  formulae  of  the 
Fano-type  as  shown  in  Figure  6  do  not  better  meet  the  experimental  data,  they 
have  the  wrong  curvature  and  do  not  fulfill  the  boundary  conditions.  They  are  not 
more  useful  than  approximation  formulae  of  the  linear  type  and  do  not  allow  more 
insight  in  the  physics  of  the  casing  effect.  Formulae  as  proposed  in  Figure  7  and 
Figure  8  meet  the  experimental  data  and  fulfull  the  boundary  conditions,  A  further 
discussion  may  allow  more  insight  in  the  physics  of  the  casing  effect.  The  casing 
factors  Cl  and  CP  are  proportional  to  the  square  root  of  the  expressions  that  were 
derived  from  energy  equatiuns.  Possibly  that  is  a  hint  that  the  impulse  of  the 
fragments  and  the  detonation  products  are  more  important  to  describe  the  casing 
process  than  the  kinetic  energy. 


List  of  Symbols 

W  actual  weight  of  explosive  charge  in  kg 

e  specific  energy  of  explosive  in  kJ/kg 

E0  =  e  W  yield  or  total  working  performance  of  explosive  charge  in  kJ 

V0  initial  velocity  in  ms'l  for  fragments  and  detonation  products 

W#  airblast-effective  charge  weight  of  steel  cased  cylinders  in  kg 

M  case  weight  in  kg  of  the  cylindrical  portion  of  the  steel  casing 

M/W  metal  to  charge  weight  ratio 

W  1 

a  =  Y  +  H  =  TV  M/W  crmrge  to  total  weight  ratio 


191 


-  10  - 

C  =  W'/W  casing  factor 

CP  =  W'/W  casing  factor  accounting  for  peak  overpressure 
Cl  =  W'/W  casing  factor  accounting  for  specific  blast  impulse 
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Casing  -  Collection  of  Experimental  Results  for  Cylindrical 
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Casing  -  Empirical  Approximation  Formulare 
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Casing  -  Formula  to  Describe  the  Case  Effect  on  Specific 
Blast  Impulse 
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Casing  -  Formula  to  Describe  the  Case  Effect  on  Peak 
Overpressure 
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Casingfactors  -  checking  the  difference  between  effective 
bare  charge  weight  factors  for  peak  overpressure  and 
specific  blast  impulse  from  different  references 
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1.0  INTRODUCTION 


The  U.S.  Amy's  stockpile  of  chemical  munitions  is  stored  at  eight  sites 
throughout  the  continental  'United  States.  (See  Figure  1.)  Hie  Amy's  Program 
Executive  Officer-Program  Manager  for  Chemical  Demilitarization  (PEO-PM  Cml  Demil) 
has  the  responsibility  for  disposing  of  the  existing  stockpile.  PDO-FM  Cml  Danil 
has  developed  the  Chemical  Stockpile  Disposal  Program  (CSDP)  and  has  prepared  a 
Pzogranmatic  Environmental  Inpact  Statement  (PEIS)  to  evaluate  the  environmental 
inpacts  of  alternative  approaches  to  disposing  of  the  lethal  chemical  agent  and 
munition  stockpile.  A  comprehensive  assessment  of  the  frequency  and  magnitude  of 
chemical  agent  release  and  associated  consequences  was  performed  to  assist  in 
selecting  the  preferred  alternative. 

1.1  Purpose  of  the  Risk  Analysis 

The  major  purpose  of  this  risk  analysis  was  to  provide  the  Amy  with  a 
consistent  and  quantitative  comparison  of  the  risks  associated  with  each  one  of 
the  disposal  alternatives.  The  relative  risk  to  public  safety  of  the  alternatives 
was  evaluated  on  the  basis  of  risk  to  the  public  (individuals  outside  the 
boundaries  of  the  military  installation)  at  proposed  disposal  sites  and  along 
potential  transportation  corridors. 

This  document  summarizes  the  results  of  a  comprehensive  probabilistic  risk 
analysis  for  the  storage,  handling,  on-site  transportation,  off-site 
transportation,  and  chemical  demilitarization  plant  operations  associated  with 
disposal  of  the  chemical  stockpile. 

An  essential  first  step  in  risk  analysis  is  the  identification  of  potential 
accidents  that  contribute  significantly  to  risk.  This  requires  that  the  risk 
analysis  be  performed  on  an  accident-specific  basis. 

Since  risk  analysis  deals  with  potential  future  occurrences,  uncertainty  in 
the  results  is  unavoidable.  In  addition,  uncertainty  in  the  risk  analysis  arise 
from  gaps  in  data  in  our  understanding  of  the  accident  p)>encmena,  which  require 
that  many  assumptions  be  made  in  the  analysis.  Estimates  of  uncertainty  in  the 
probability  of  accident  occurrences  were  developed,  and  are  displayed  with  the 
risk  estimates.  Another  paper  in  this  seminar  describes  hew  uncertainty  in  the 
results  was  addressed. 

Despite  uncertainties  in  the  results,  risk  analysis  remains  the  best 
available  means  for  systematically  identifying  major  sources  of  risk,  quantifying 
safety  concerns,  and  carparing  the  relative  risk  of  the  different  alternatives. 
Subjective  factors  related  to  developing  a  sound  safety  philosophy  (e.g. , 
administrative  controls)  and  to  managing  risks  that  are  difficult  to  quamJ.fy 
(e.g.,  sabotage,  procedural  errors)  are  important  also,  and  need  to  be  considered 
along  with  the  insights  offered  by  quantitative  risk  analysis. 

The  data  used  in  this  risk  analysis  are  of  two  broad  types:  historical  . 
data  —  that  is,  data  derived  frem  records  of  a  large  mmber  of  actual  events 
which  are  related  to  specific  types  of  accidents,  or  events  leading  to  them;  and 
hypothesized  data  —  data  derived  firm  largely  subjective  modeling  of  assumed 
accident  sequences  with  the  aid  of  fault  and  event  trees  describing  the  process. 
(The  use  of  fault  and  event  trees  is  a  standard  procedure  to  investigate  sequences 
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of  occurrences  in  a  complex  system.)  Risk  data  for  externally-caused  accidents 
such  as  those  due  to  aircraft  crashes  and  destructive  natural  phenomena,  as  well 
as  data  related  to  off-site  transportation  (via  rail  freight,  air,  barge,  etc.) 
can  be  drawn  fron  historical  data  bases.  Modeling  data,  based  on  analysis  of 
hypothesized  sequences  involved  in  the  accident  scenarios,  must  be  developed  for 
those  events  which  are  unique  to  the  handling  and  processing  of  chemical 
munitions,  and  for  which  there  are  very  few  historical  data. 

1.2  Risk  Elements  of  the  CSDP 

lb  understand  the  ways  in  which  tiie  CDSP  might  present  risk  to  the  public, 
one  needs  first  to  identify  the  major  features  of  the  CSDP,  including: 

o  the  disposal  alternatives,  including  the  "redaction"  alternative 
(continued  storage) ; 

o  the  disposal  activities  (e.g. ,  handling,  transportation,  plant 
operations)  that  make  up  tie  alternatives; 

o  the  chemical  agents  themselves  and  the  munition  configurations  in 
which  they  are  stored;  and 

o  the  various  accident  initiators  (e.g.,  human  error,  equipment  failure, 
natural  event)  and  accident  types  that  could  lead  to  agent  release. 

Each  of  these  features  is  discussed  be lev. 

1.2.1  The  Disposal  Alternatives 

For  purposes  of  the  risk  assessment,  the  disposal  alternatives  are  defined  by 
where,  not  how,  the  destruction  of  the  chemical  stockpile  takes  place.  The 
disposal  technology  assumed  liere  for  all  alternatives  is  the  "baseline"  technology 
which  consists  primarily  of  mechanical  disassembly  of  the  ntmitions,  draining  of 
the  chemical  agent,  destruction  of  the  agent  in  liquid  incinerators,  incineration 
of  "energetics"  (propellants,  bursters,  etc.)  in  deactivation  furnaces  or  kilns, 
and  destruction  of  residual  agent  in  metal  parts  and  dunnage  furnaces.  The 
disposal  alternatives  are,  therefore,  dieting uidied  by  the  logistics  of  munition 
movement  and  the  location  of  the  disposal  activities.  The  alternatives  can  be 
surcmarized  as  follows: 

o  on-site  disposal:  all  chemical  agents  are  destroyed  at  the  siter. 
where  they  are  new  stored; 

o  regional  disposal:  munitions  stored  in  the  eastern  region  of  the 
country  are  shipped  by  rail  to  ANAD,  Alabama,  while  those  in 
the  West  are  shipped  to  TEAD,  Utah; 

o  national  disposal:  all  munitions  in  the  continental  U.S.  are  shipped 
by  rail  to  TEAD  for  destruction;  and 

o  partial  relocation :  cn-site  disposal  at  all  sites  except  for 
relocation  of  the  stockpile  fran  selected  sites: 
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-  the  &FG,  MD  stockpile  moved  by  air  to  TEAD  and/or 

-  tlife  IfiAD,  KY  stockpile  moved  by  air  to  TEAD 

o  oentinuai  storage ;  munitions  currently  in  storage  retain  in  storage 
with  routine  maintenance  and  surveillance. 

The  risk  implications  of  the  disposal  alternatives  are  apparent  in  the 
potential  for  the  redistribution  and,  it  is  expected,  the  reduction  of  overall 
risk.  Movement  of  the  stockpile  from  one  site,  in  what  could  be  a  densely 
populated  region,  to  a  second  site,  in  what  could  be  a  sparsely  populated  region, 
might  reduce  the  risk  to  the  population  around  the  first  site,  at  the  expense  of 
added  risk  to  people  along  the  transportation  corridor  and  around  the  second 
site.  The  magnitude  of  these  risk  differences  is  one  of  the  questions  answered  by 
the  risk  analysis. 

1.2.2  Disposal  Activities 


Each  of  these  disposal  alternatives  ccnprises  many  activities.  These  range 
from  the  relatively  siirple  activities  associated  with  continuing  to  store  the 
munitions,  to  the  more  cotplex  activities  associated  with  handling,  shipping,  or 
disasseahiy/destructicn  of  the  stockpile  elements.  Since  these  activities  involve 
sane  contact  with  the  chemical  stockpile,  they  all  could  pose  sane  risk  to  the 
public. 

Figure  2  illustrates  the  major  activities  associated  with  each  disposal 
alternative.  Many  of  these  activities  are  cannon  to  sane  or  all  of  the  disposal 
alternatives. 

The  "no-action"  alternative,  continued  storage,  involves  the  risks 
associated  with  the  storage  in  fixed  sites  (igloos,  warehouses,  or  open  fields) . 
The  major  risk  elements  are  relatively  rare,  external  or  natural  catastrophic 
events,  such  as  tornadoes  and  aircraft  crashes;  maintenances  and  surveillance 
activities  for  the  stored  stockpile  also  contribute  to  risk.  Storage-related 
accidents  are  typically  very  lew  in  their  probability  of  occurrence,  but  very  high 
in  potential  consequence,  because  of  the  large  inventory  of  agent  likely  to  be 
affected  by  any  one  event. 

The  on-site  disposal  alternative  involves  risk  posed  by  the  following 
activities; 

o  handling  activities,  required  to  move  the  stockpile  elements  from 

their  storage  areas  to  on-site  transportation  containers,  and  from  the 
transportation  containers  to  the  on-site  disposal  facility,  and  from 
one  operation  to  another  within  the  facility; 

o  on-site  transport  activities,  moving  the  stockpile  by  truck  from 
storage  area  to  plant  over  on-site  roads;  and 

o  plant  operations  activities,  including  all  steps  required  to 

disassemble,  drain,  and  incinerate  the  chemical  agents  and  munitions. 

The  national,  regional,  and  partial  relocation  disposal  alternatives 
introduce  several  different  classes  of  activity  posing  some  risk: 
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Disposal  Alternatives  tnvolvino  Transportation 
FIGURE  2  (Concluded) 

DISPOSAL  ACTIVITIES  INVOLVING  SOME  RISK 


o  additional  handling  activities,  involving  stockpile  movement  from 

storage  to  the  packing/holding/ loading  areas  (essentially  the  same  risk 
as  movement  of  the  stockpile  from  storage  to  on-site  disposal  plant) 
for  subsequent  off-site  transport,  plus  handling  at  the 
transportation  container  unloading/holding/unpacking  areas  and 
handling  at  the  destination  site  (essentially  a  reversal  of  the 
activities  at  the  sending  site) ;  and 

o  off-site  (inter-site)  transport  activities,  involving  long  distance 

transport  by  one  of  three  nodes,  depending  on  which  disposal  alternative 
is  being  considered. 

1.2.3  Agents  and  Munition  Types 

Each  of  the  disposal  alternatives  involves  the  full  range  of  chemical  agent 
and  munition  types  in  the  chemical  stockpile.  The  characteristics  of  each  are 
accounted  for  in  the  risk  analysis .  Risk  associated  with  each  of  the  agent  types 
is  different,  since  their  physical  and  toxicological  properties  differ.  Physical 
properties  of  greatest  importance  in  estimating  risk  as  a  function  of  agent  type 
include:  vapor  pressure  (determines  the  rapidity  with  which  spilled  agent  might 
evaporate) ;  freezing  point;  and  molecular  weight.  These  and  other  physical 
properties,  as  veil  as  toxicological  characteristics,  are  encoded  into  the  Amy's 
D2PC  oarputer  model  for  chemical  hazard  prediction  (C.G.  Whitacre,  et  al. , 

1987) ,  which  provides  estimates  of  the  downwind  distance  the  chemical  hazard  might 
extend  in  a  particular  accident.  Use  of  the  model  in  this  risk  analysis  is 
described  in  another  paper  at  this  seminar. 

The  munition  types  included  in  the  stockpile  are  shewn  in  Table  1.  Major 
munition  characteristics  accounted  for  in  the  risk  analysis  include:  munition 
size  and  agent  inventory,  susceptibility  to  failure  by  puncture,  crasn,  fire  or 
impact;  packing  density;  and  presence  of  energetic  materials  (bursters,  fuzes,  and 
paxpellants) . 

1.2.4  Accident  Types 

Potential  chemical  accidents  are  defined  in  specific  accident  scenarios, 
which  are  sequences  of  possible  events  leading  to  a  release  of  agent.  Accident 
scenarios  have  been  identified  fer  major  classes  of  accident  causes,  including 
natural  phenomena  (e.g.,  wind,  earthquake),  other  exb  mal  events  (e.g.,  aircraft 
crash),  equipment  failures  (e.g.,  pipe  rupture,  control  system  breakdown),  and 
human  error.  A  multifaceted  approach  was  used  to  identify  potential  initiating 
events,  screening  those  which  should  not  affect  overall  risk  and  selecting  those 
events  warranting  further  analysis.  The  approach  consisted  of: 

o  Developing  a  master  logic  diagram  (MID),  a  tool  described  in  the 

NUEBG/CR2300 ,  "PRA  Procedures  Gui.de"  for  systematically  examining  potential 
inodes  of  release,  pathways  for  release,  barriers  against  release,  and 
mitigating  safety  functions  together  with  initiators  of  release.  Figures 
3a  through  3i  shews  the  Level  and  and  Level  2  MLDs  used  in  this  risk 
analysis . 

.  o  Dividing  the  demilitarization  facility  into  spatial  zones  and  examining 
potential  sources  of  release  in  each  zone  to  identify  internal  initiating 
events  for  plant  operations. 
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Figuie  3e  Master  Logic  Diagram  -  Level  2.  Handling  Release 
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Figure  3i  Master  Logic  Diagram  -  Level  2.  Offsite  Sea  Transport  Release 


o  Cross-referencing  the  results  from  the  MID  with  a  list  of  accident 
scenarios  from  safety  related  studies  on  the  chemical  demilitarization 
program. 

Two  criteria  were  used  to  screen  accident  scenarios:  (1)  accidents  with 
extremely  lew  frequency  (below  10-i  per  year) ,  and  (2)  accidents  with  lew 
release  amounts  that  could  not  cause  human  fatalities  ,5km  from  the  incident  under 
worst  case  meteorological  conditions  (amount  of  agent  release  belcw  0.3  lb  GB,  14 
lb  H  or  0.4  lb  VX) . 

All  accident  scenarios  analyzed  are  presented  in  Appendix  A  of  this  report. 

1.3  Prior  Studies 

Ibis  risk  analysis  is  founded  on  a  number  of  prior  hazard  and  risk  analyses. 
Quantitative  hazard  analyses  were  performed  in  the  proposed  disposal  of  M55 
rockets  utilizing  a  technique  known  as  hazard  and  operability  analysis  (HAZOP) 
(Arthur  D.  Little,  1985,  1985°,  1985°,  1985  j .  Qualitative  analyses  of 
the  Johnston  Atoll  Chemical  Agent  Disposal  System  (JACADS) ,  using  a  failure  mode 
and  effects  analysis  (IMEA)  method  were  carried  out  by  the  R.  M.  Parsons  Carpany 
(1983,  1985). 

Deductive  system  logic  models,  such  as  fault  trees,  were  used  to  assess  the 
probability  of  agent  release  in  off-site  transportation  accidents  (Rhyne,  1985a, 
1985°) .  Rhyne's  study  incorporated  the  transportation  accident  data  base 
prepared  by  Sandia  National  Laboratories  (Clark,  et  al. ,  1976) .  An  analysis 
of  disposed  of  M55  rockets  by  Science  Applications  International  Corporation 
(1985)  focused  on  the  storage,  handling  and  on-site  transportation  of  chemical 
munitions,  using  both  the  event  tree  and  fault  tree  methodologies. 

Far  the  draft  PEIS  for  the  CSDP  (U.S.  Army  Program  Manager  for  Chemical 
Demilitarization,  1986) ,  The  MITRE  Corporation  outlined  an  approach  for  using  the 
risk  data  prepared  in  support  of  the  M55  rocket  disposal  program  as  the  basis  of 
an  accident  scenario  data  base  applicable  to  the  entire  stockpile  (Fraize,  et 
al. ,  1987) .  MITRE  then  identified  gaps  in  the  accident  scenario  data  base 
(subsequently  addressed  by  GA  Technologies) ,  and  proceeded  to  develop  a  framework 
for  analyzing  the  risk  associated  with  this  resulting  accident  scenario  data  base 
and  identifying  representative  worst-case  accidents  for  the  CSDP/EIS.  This 
framework  and  the  preliminary  accident  scenario  data  base,  as  updated  and 
conpleted  by  GA  Technologies,  was  vised  to  prepare  the  risk  analysis  supporting  the 
draft  PEIS  (U.S.  Army  Program  Manager  for  Chemical  Demilitarization,  1986) . 

1.4  Data  Sources  for  this  Analysis 

With  the  studies  listed  above  as  the  starting  point,  GA  Technologies  (GA 
Technologies,  1987  ,  1987  ,  1987c) ,  with  technical  assistance  from  H&R 
Technical  Associates,  JBF  Associates,  and  Battelle-Columbus  Laboratories, 
conducted  a  comprehensive  assessment  of  accident  probabilities  for  all  munitions 
types.  Event  and  fault  tree  analyses,  together  with  information  on  mechanical  and 
thermal  failure  threshold  conditions  for  each  munition  type,  were  used  to  estimate 
the  probability  of  agent  release  in  each  of  nearly  3000  potential  accidents,  and 
the  amount  of  agent  that  could  be  released. 


Downwind  dispersion  of  lethal  plums  was  determined  by  a  method  incorporated 
in  the  D2PC  plume  dispersion  model  developed  by  the  Amy  (Whitacre,  et  al. , 

1987) .  Demographic  data  and  potential  fatality  estimates  for  generic  accidents 
(defined  by  lethal  plume  length  and  meteorological  conditions)  for  all  sites  and 
transportation  corridors  were  provided  by  Oak  Ridge  National  Laboratory. 

2.0  METHODOLOGY  OF  THE  RISK  ANALYSIS 

The  purpose  of  this  section  is  to  present  basic  principles  involved  in 
estimating  risk  to  the  public,  and  to  show  how  these  principles  have  been  applied 
to  the  CSr->. 

2.1  Introduction  to  Risk  Assessment  Concepts 

Risk  is  a  measure  of  the  potential  for  exposure  to  unwanted  events  or 
consequences  (e.g. ,  injuries  or  fatalities).  Any  danger  to  the  public  associated 
with  the  proposed  CSDP  may  be  described  in  terms  of  risk.  For  purposes  of  this 
study,  risk  is  considered  to  be  that  due  only  to  accidental  release  of  and 
potential  public  exposure  of  agent  to  chemical  agent.  Only  accidents  that  could 
result  in  a  release  of  agent  sufficient  to  expose  the  public  to  potentially  lethal 
doses  are  included.  For  purposes  of  this  study,  the  term  "public"  excludes 
persons  within  the  boundaries  of  the  military  installations. 

2.1.1  Risk  Descriptors:  Probability  and  Consequence 

The  risk  associated  with  any  activity  (e.g.,  living  near  a  geologic  fault, 
driving  a  car,  riding  a  roller-coaster,  or  living  uniter  an  airplane  flight  path) 
may  be  described  as  the  product  of  two  quantities:  the  probability  of  the 
unwanted  even4-  occurring  and  the  consequence  to  an  individual  or  the  public,  if 
the  event  does  occur. 

The  probability  of  a  potential  accident  is  a  quantitative  statement  of  the 
"odds"  of  that  accident  occurring,  given  many  repetitions  o*  the  activity  or 
condition  that  can  lead  to  the  accident.  For  instance,  analysis  of  the  accident 
and  all  of  the  separate  events  leading  up  to  it  might  show  that  the  odds  of  the 
accident  occurring  at  sane  time  during  the  CSDP  might  be  1  in  200,000:  we  can 
express  the  probability  of  that  event  occurring  in  just  that  way  —  1  in  200,000 
—  or  in  the  following  equivalent  ways:  0.000005;  1/200,000;  or,  in  scientific 
notation,  5  x  10  .  For  this  analysis,  the  probability  of  an  accident  is 

expressed  as  the  likelihood  (or  "odds")  of  its  occurring  once  during  the  stockpile 
disposal  program.  The  only  exception  is  for  lor.g-te.rm  storage  accidents  where 
probability  has  been  expressed  as  the  likelihood  of  occurrence  during  a  25-year 
period  (the  assumed  duration  of  the  "no-action"  alternative) . 

The  consequence  of  a  potential  accident  can  be  expressed  in  several  ways, 
depending  on  the  intended  use  of  the  results.  For  the  purposes  of  the  CSDP  risk 
analysis,  there  are  two  principal  measures  of  the  consequence  of  any  given 
accident: 

o  size  of  the  lethal  plume  produced  by  the  accident.  Size  of  the 

lethal  plane  Is  defined  as  the  distance  to  the  downwind  locations  where 
the  "exposure"  (tlie  product  of  agent  concentration  and  time)  is  equal 
to  the  estimated  minimum  lethal  value.  This  distance  is  also  referred 
to  as  the  "no-deaths"  hazard  distance.  Plane  size,  or  downwind 


hazard  distance,  is  dependent  on  the  agent  type  (phys: 

characteristics) ,  agent  quantity  released  and  the  neb _ _ 

conditions  governing  the  atmospheric  dispersion  of  the  agent. 

o  potential  fatalities  per  event.  This  measure  is  the  most  direct 
indicator  of  potential  accident  consequences  to  the  population. 
Estimation  of  potential  fatalities  requires  knowledge  of  the  source 
term  (quantity  and  mode  of  agent  release) ,  the  atmospheric  dispersion 
mechanism  (specified  by  local  meteorological  conditions) ,  the 
population  distribution  (by  distance  and  direction) ,  and  the 
estimated  human  response  to  chemical  agent  exposure. 

The  present  risk  analysis  is  limited  to  airborne  release  of  agent.  Other 
modes  for  dispersion  of  released  agent,  such  as  through  ground  water  or  surface 
water,  are  beyond  the  scope  of  this  analysis.  Only  acute  and  lethal  toxicity  are 
considered  in  the  analysis;  chronic  and  sub-lethal  effects  are  not  evaluated. 

2.1.2  Two  Perspectives  on  Risk 


Risk  can  be  viewed  from  two  basic  perspectives: 
o  risk  to  an  individual  at  a  specified  location;  and 


o  risk  to  the  affected  populations. 

In  the  first  case,  risk  to  an  individual  is  the  probability  that  he  or  she 
will  be  harmed  while  at  a  fixed  location.  Risk  to  the  affected  population  (the 
expected  number  of  individuals  who  might  be  adversely  affected  by  the  event)  may 
be  more  useful  to  a  decision-maker  who  needs  to  assess  total  effects  on  the  public 


An  individual  tends  to  view  ride  in  very  personal  terms,  such  as  the 
probability  that  an  unwanted  event  will  occur  to  him  or  to  his  family.  Many  risky 
activities  or  situations  to  which  an  individual  is  exposed  are  voluntary  (e.g. ,  a 
canoe  ride)  and  their  risk  is  accepted  in  return  for  the  benefit  the  activity 
brings.  Others  (e.g. ,  being  struck  by  lightning)  are  "acts  of  Gad  or  nature"  and 
the  associated  risk  is  generally  accepted  as  a  part  of  living.  Still  others 
(e.g.,  living  near  a  nuclear  power  plant  or  along  a  rail  route  that  carries 
hazardous  chemicals)  are  viewed  as  involuntary,  the  result  of  man-made  intrusions, 
and  often  are  less  willingly  accepted.  In  this  risk  analysis,  we  are  dealing  with 
a  man-made  activity  that  the  public  may  view  as  an  imposed  or  involuntary  risk. 
Risk  ccnparable  in  character  (not  necessarily  magnitude)  to  that  potentially 
imposed  by  the  CSDP  might  be  that  associated  with  living  next  to  a  chemical  plant 
processing  hazardous  chemicals  or  living  along  a  transportation  route  carrying 
such  materials . 

Community  or  social  risk  is,  in  effect,  the  aggregate  of  individual  risk  to 
which  all  members  of  the  local  population  are  exposed.  Thus,  individual  risk  is 
independent  of  the  number  of  individuals  at  risk;  ccmmunity  or  societal  risk  is 
not. 


2.2  Application  of  Risk  Concepts  to  the  CSDP 

2.2.1  Computation  of  Individual  Risk  (General  Case) 

The  risk  to  an  individual  is  calculated  by  multiplying  together  probabilities 
of  each  of  the  circumstances  necessary  to  produce  a  fatality.  This  combined 
probability  of  occurrence  is  multiplied  by  the  consequence  to  determine  risk;  in 
the  individual  case,  consequence  is  always  equal  to  1  (the  death  of  the 
individual) ,  and  so  does  not  affect  the  risk  value  we  calculate.  Figure  4 
illustrates  the  risk  to  an  individual  posed  by  a  potential  release  of  chemical 
agent;  these  factors  are: 

o  the  probability  that  an  accidental  release  will  occur; 

o  the  probability  (along  transportation  corridors  only)  that  a  transport 
vehicle  will  be  in  the  vicinity  of  the  individual  when  the  accident 
occurs; 

o  the  probability  of  being  downwind  of  the  release: 

o  the  probability  of  being  within  the  plume  width; 

o  the  probability  that  an  individual  within  a  given  lethality  zone 
of  the  plume  will  die. 

For  the  case  of  individual  risk  along  a  transportation  corridor,  the  analysis 
is  based  on  determining  the  route  length  over  which  an  accident  can  occur  and 
still  affect  an  'individual  at  a  given  location.  This  is  equivalent  to  basing 
individual  risk  exposure  time.  Basically,  the  analysis  computes  average 
individual  risk  along  the  transportation  corridor,  based  on  average  distances, 
speeds,  and  exposure  times  along  the  route. 

Whether  along  a  transportation  route  or  near  a  fixed  site,  the  total  risk  to 
an  individual  is  the  sum  of  the  individual  risks  posed  by  each  identified  accident 
scenario  that  could  happen  at  the  individual's  location  (either  along  a  corridor 
or  near  a  site) . 

2.2.2  Risk  to  the  Population  (Carmunity/Societal  Risk) 

To  estimate  the  risk  to  the  general  population,  the  factors  defining  risk  to 
an  individual,  discussed  above  (Section  2.2.1),  mist  be  applied  to  the  total 
number  of  individuals  at  risk.  Risk  to  the  public  was  calculated  for  each 
accident  by  overlaying  the  lethal  plume  (under  "most-likely"  weather  conditions) 
associated  with  the  accident  on  a  map  of  the  residential  population  about  the  site 
or  adjacent  to  a  transportation  corridor  and  estimating  the  number  of  potential 
fatalities  fran  each  accident  within  the  plume.  Next,  expected  fatalities  from 
each  accident  were  computed  as  the  product  of  potential  fatalities  and  the 
probability  of  the  accident  occurring.  The  total  population  risk  is  then 
determined  by  suming  expected  fatalities  for  all  applicable  accidents. 

This  concept  is  illustrated  by  Figure  5.  The  concentric  arcs  in  the  figure 
represent  hazard  distance  zones  frcm  the  potential  accident  site.  For  exanple, 
the  distance  zones  used  in  this  analysis  are  the  following; 
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FIGURE  4 

ILLUSTRATION  OF  INDIVIDUAL  RISK 


ILLUSTRATION  OF  POPULATION  RISK 
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An  accident  having  a  "no-deaths"  plume  length  of  12  km  is  assumed  to  result 
in  a  fatality  count  for  the  zone  which  is  10  -  20  fran  the  accident  site.  If  an 
accident  causes  a  plume  that  reaches  into  the  10  -  20  Ion  population  zone,  then  all 
those  in  the  inner  population  rings,  closer  to  the  agent  source,  are  at  even  more 
risk  since  the  dosages  become  higher  as  one  approaches  the  accident  site. 
Similarly,  within  a  given  distance  z one,  individuals  will  be  affected  not  only  by 
those  scenarios  for  which  the  plume  just  reaches  their  zone,  but  also  those  for 
which  the  magnitude  for  which  the  plume  reaches  into  the  cuter  zones.  While  plume 
lengths  exceeding  100  km  may  be  estimated  in  the  D2PC  model  for  the  worst  of  the 
potential  accidents,  a  correction  has  been  made  to  exclude  fatalities  that  would 
occur  farther  than  100  km  fran  the  potential  accident  location. 


2.3  Principle  Measures  of  Risk 


To  compare  the  public  risks  of  the  disposal  alternatives,  the  following 
measures,  each  of  which  provides  a  different  perspective  on  program  risk,  were 
used: 

o  maximum  individual  risk,  equal  to  the  probability  of  an  individual's 
death  if  he/ she  spent  the  entire  duration  of  the  CSDP  at  the  site 
boundary  (assumed  to  be  0.5  km  fran  the  on-site  disposal/storage 
operations)  or  as  close  as  0.1  km  to  the  center  line  of  a 
transportation  corridor.  Hiis  indicator  is  dependent  only  on 
the  mix  of  potential  accidents  that  could  happen  at  the 
individual's  location;  it  is  independent  of  population  density 
(the  number  of  individuals  who  could  be  so  maximally  exposed; 

o  maximum  lethal  distance,  equal  to  the  maximum  downwind  length 
("no-deaths"  exposure  level)  of  the  plane  fran  the  worst  of  all 
identified  potential  accidents  under  worst-case  weather  conditions  at  a 
specific  location.  Conversely,  it  is  also  the  minimum  distance  an 
individual  could  be  fran  a  given  site  or  transportation  corridor  and 
have  no  risk  of  lethal  exposure  during  the  CSDP; 

o  maximum  total  time  at  risk,  representing  the  maximum  length  of  time  an 
individual  could  be  a+-  risk  at  a  fixed  location  near  a  site  or  along  a 
transportation  corr.  ;  sr.  For  those  living  within  a  radius  equal  to  or 
less  than  the  maximum  lethal  hazard  distance,  the  time  at  risk  is  the 
total  time  during  which  stockpile  disposal  activities  will  take  place  at 
that  site,  regardless  of  where  the  individual  is  located.  For  those 
individuals  along  the  transportation  corridors,  the  time  depends  on  the 
distrnce  fran  the  rail  line  or  air  corridor;  the  maximum  time  is  assumed 
to  occur  if  the  individual  is  located  at  a  0.1  km  distance  fran  the  rail 
track  or  canter line  of  the  air  corridor.  These  persons  are  exposed  to  a 
hazard  only  when  a  train  or  aircraft  is  in  the  vicinity  (defined  as  the 
maximum  lethal  hazard  distance  in  either  direction)  of  them.  This  time 
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is  sunned  for  each  agent-bearing  train  or  aircraft  that  would  pass  by  in 
each  alternative.  Since  maximum  lethal  hazard  distance  is  used  in  this 
determination,  the  worst-case  meteorological  conditions  apply; 


o  probability  of  one  or  more  fatalities,  a  public  risk  indicator  equal 
to  the  chance  that  there  will  be  at  least  one  fatality  at  a  given 
site  or  for  the  nation  as  a  whole  during  the  CSDP.  This  measure  is 
calculated  by  summing  the  probabilities  of  all  accidents  that  could 
cause  one  or  more  fatalities.  Included  in  this  sum  are  all  accidents 
for  which  the  potential  fatality  estimate,  based  cm  assuming  uniform 
population  densities,  is  less  than  unity.  (This  means  that  an 
accident  is  expected  to  cause  a  fatality  for  only  a  fraction  of  the 
time  it  occurs;  for  the  reraining  fraction  of  occurrences,  that  event 
would  not  cause  a  fatality.  For  such  accidents,  the  probability  of 
occurrence  is  reduced  so  that  only  the  fraction  of  events  expected  to 
cause  a  fatality  are  counted) .  (To  illustrate;  On  the  basis  of  average 
population  density  and  lethality  rate  variations  within  the  chemical 
agent  plume,  an  accident  could  have  a  potential  fatality  value  of  say, 
0.2  and  a  probability  of  occurring  estimated  at  10  ;  the  potential 
fatality  value  of  0.2  means  that  20%,  or  1  out  of  every  5  occurrences  of 
the  event  in  question  could  cause  a  fatality.  Those  4  occurrences  that 
cause,  on  average,  no  fatality  are  not  counted  and  the  accident  is,  in 
effect,  redefined  to  be  the  l-in-5  event  that  leads  to  a  fatality  — 
having  a  xDrrecpondingly  reduced  probability,  equal  to  the  fraction  of 
fatal  accidents  times  the  probability  of  all  occurrences,  or  0.2  x 
10~*) ; 

o  maximum  number  of  fatalities,  equal  to  the  maximum  consequence  of  all 
accidents  at  a  site  or  for  the  nation.  This  risk  measure  is  based 
on  worst-case  weather  conditions ,  actual  population  densities  (1980 
census  data,  as  analyzed  by  Oak  Ridge  National  laboratories) ,  and  worst 
possible  wind  direction  (i.e.,  plume  striking  the  highest  number  of 
people  without  any  allowance  for  preventive/emergency  response 
measures) ; 

o  expected  fatalities,  equal  to  the  sum  of  the  risk  contribution  of  all 
accidents  at  a  site  or  for  the  nation,  '.here  rink  for  each  accident  is 
the  potential  fatality  count  (if  the  accident  were  to  occur)  multiplied 
by  the  probability  of  the  accident  occurring.  Note  that  expected 
fatalities  is  proportional  to  the  probability  of  a  fatality-causing 
event  occurring,  and  will  nearly  always  be  a  small  nunber  —  well  less 
than  unity.  For  exanple,  an  accident  vrLth  a  potential  fatality 
estimate  of  12  and  a  probability  of  10  (cdds  of  1  in  a  million  of 
occurring  during  the  CSDP)  would  have  an  expected  fatality  value  of 
12  x  10  .  At  the  programmatic  level,  the  expected  fatalities  value  is 

the  sum  of  the  expected  fatality  contribution  of  several  hundreds  of 
potential  events  and  might  lie  somewhere  in  the  range  of  10  ,  or 
0.001.  This  typical  value  can  be  interpreted  in  the  following  way;  The 
program  can  be  expected  to  cause,  on  average,  one  fatality  every  1000 
times  the  program  is  executed;  since  the  program  consists  of  many  events 
which  could  cause  multiple  fatalities,  a  more  typical  interpretation 
would  be  made  up  of  several  parts,  such  as;  one  fatality  every  10,000 
programs  (expected  fatality  contribution  of  1/10,000  =  0.0001)  plus 
a  10-fatality  event  every  25,000  programs  (contribution  of  10/25000  = 


0.0004  plus  a  100-fatality  event  every  200,000  programs  (contributing 
100/200,000  =  0.0005) ,  for  a  total  expected  fatality  value  of  0.001;  and 

o  person-years-at-risk ,  equal  to  the  population  living  within  all  zones 
(defined  in  Section  2.2.2)  that  could  experience  potentially  lethal 
agent  exposure  multiplied  by  Jie  time  period  over  which  that  worst-case 
event  could  take  place  (typically,  the  duration  of  disposal  operations 
at  fixed  sites  or  the  time  during  which  transport  vehicles  mignt  be 
within  lethal  plume  reach  of  population  groups  along  the  corridors) . 

This  measure  does  not  account  for  the  fact  that  individuals  within  the 
affected  population  groups  who  are  farther  fran  the  potential  accident 
site  are  a  lower  risk  of  suffering  ill  effects  of  exposure;  all  affected 
individuals  are  counted  if  they  have  any  risk  at  all.  (This  measure  is 
discussed  in  more  detail  in  Sec cion  3. 3. 3. 2). 

The  first  three  risk  measures  are  indicators  of  risk  to  the  individual.  The 
next  three  apply  to  camunity/ societal  (population-based)  risk,  with  each  measure 
representing  one  of  the  three  major  features  of  the  cumulative  risk  curve: 
vertical  scale  intercept  (probability:  horizontal  scale  intercept  (maximum 
fatalities  —  worst-case  value) ;  and  area  under  the  risk  curve  (expected 
fatalities)  (Note :  Equating  expected  fatalities  with  the  area  under  the  risk 
curve  applies  only  if  the  curve  were  plotted  using  linear  scales  -  equal 
increments  for  equal  changes  in  the  value  of  the  plotted  parameters  —  instead  of 
the  logarithmic  scales  —  equal  increments  for  each  10-fold  multiple  of  the 
value  of  the  plotted  parameters  —  necessitated  by  the  very  wide  range  of  the  risk 
data.)  Person-years-at-risk  is  also  a  camimity/ societal  risk  measure. 

2.4  Methods  for  Portraying  Risk 

Estimates  of  risk  to  the  population  can  be  displayed  in  a  variety  of  ways. 
They  are  described  in  another  paper  at  this  seminar. 

3.0  PRESENTATION  OF  RESULTS 

This  section  is  a  sumnary  of  the  significant  accidents  for  both  programmatic 
(all  locations  combined,  fcr  each  disposal  alternative)  and  location-specific 
considerations . 

Unless  stated  otherwise,  the  term  risk  will  refer  to  expected  fatalities, 
while  plume  length  will  mean  the  "no-deaths"  hazard  distance  under  most-likely 
meteorological  conditions. 

3.1  Overview  of  Risk  Data 

Throughout  this  section,  we  will  refer  to  the  following  three  descriptors  of 
the  accident  scenario  set  of  interest: 

o  Disposal  Alternative  (see  below) 

o  Site-Stockpile  (see  below) 

o  Location/Locale  of  Risk  as  defined  by: 


OS  =  Originating  Site 
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DS  =  Destination  Site 

TC  =  Transportation  Corridor 

For  programmatic  risk  portrayal,  all  three  locales  are  combined.  For  site  or 
location-specific  risk  portrayal,  the  risk  at  only  one  locale  is  shown. 

3.1.1  Disposal  Alternatives  and  Site-Stockpiles  Considered 

The  eight  site-stockpiles  considered  in  this  analysis  are  identified  in 
Figure  1.  The  codes  used  throughout  this  analysis  to  signify  particular  sites  are 
tabulated  bclcw: 

G  =  APG  =  Aberdeen  Proving  Ground,  KD 
L  =  LEAD  =  Lexington-Blue  Grass  Army  Depot,  KY 
B  =  PBA  =  Pine  Bluff  Arsenal,  AR 
N  =  NAAP  =  Newport  Army  Anniston  Plant,  IN 
P  =  PUDA  =  Pueblo  Depot  Activity,  00 
U  =  tMDA  =  Umatilla  Depot  Activity,  OR 
A  =  ANAD  =  Anniston  Amy  Depot,  AL 
T  =  TEAD  =  Tooele  Amy  Depot,  UT 

Eight  disposal  alternatives  were  analyzed;  five  were  selected  by  the  Amy  for 
detailed  analyses.  Their  one-line  descriptions,  and  the  codes  used  to  represent 
them  in  the  analysis  and  in  the  presentation  of  the  results  are  given  below: 

S  =  STR  =  Continued  Storage  (for  25  years) 

O  =  CNS  =  On-Site  Disposal 
R  =  REG  -  Regional  Disposal  (via  rail) 

N  ®  NAT  -  National  Disposal  (via  rail) 

B  =  PRB  =  Partial  Relocation  —  On-Site  Disposal,  except  APG  &  LEAD 
Stockpiles  to  TEAD  via  air  (C141  aircraft) 

3.1.2  Treatment  of  Mitigation 

The  accident  scenario  data  base  was  analyzed  for  the  unmitigated  case  plus 
two  levels  of  mitigation,  the  details  for  which  are  described  in  another  report  at 
this  seminar. 

3.1.3  Treatment  of  Uncertainty 

Uncertainties  in  risk  estimation  arise  due  to  many  causes,  including  the 
inadequacy  of  data,  inaccuracies  in  modeling,  and  the  incomplete  identification 
and  understanding  of  accident  plienamena.  The  analysis  of  accident  scenarios 
carried  out  by  GA  Technologies  provides  an  error  factor  for  each  accident 
probability  "point  estimate".  This  error  factor  was  used  to  characterize  the 
uncertainty  inherent  in  each  estimate.  The  contribution  to  risk  uncertainty  of 
consequence  estimation  (for  example,  in  estimating  potential  public  fatalities  as 
a  result  cf  an  agent  release)  is  represented  separately  (though  inccqpletely)  by 
considering  most  likely  and  worst-case  meteorological  conditions.  However,  since 
worst-case  conditions  occur  relatively  rarely  and  have  greater  consequences,  they 
way  have  little  effect  on  a  risk  curve. 


In  this  report,  uncertainty  is  portrayed  on  the  risk  curves  and  on  the 
expected  fatality  plots  where  upper  and  lower  uncertainty  bounds  (at  the  95 
percent  and  5  percent  levels)  are  indicated. 

3.1.4  Description  of  Data 


Risk  data  are  sunmarized  in  several  forms.  Risk  data  for  the  programmatic 
level  (no  location-specific  information)  are  presented  for  the  unmitigated  CSDP 
in  three  forms: 

o  semi-quantitative,  graphical /pictorial  comparisons  of  major  risk 
parameters  in  pictograms; 

o  graphical  comparisons  of  expected  fatalitj  estimates,  with  upper  and 
lower  uncertainty  bounds;  and 

o  cumulative  risk  curves,  with  upper  and  lcwer  uncertainty  bounds. 


rammatic  Risk  of  Alternatives 


3.2.1 


Figure  6  displays  in  pictogram  format  (using  matrix  elements  shaded  according 
to  four  numerical  equivalence  ranges)  the  four  major  risk  measures  plus  a  fifth 
measure  —  the  expected  value  of  plume  area  (provided  for  the  purpose  of 
evaluating  ecological  risk  in  the  FFEIS)  for  the  five  FPEIS  disposal 
alternatives.  The  shadings  are  chosen  so  that  higher  risk  is  connoted  by  darker 
shading.  The  numerical  ranges  were  chosen  so  that  the  full  range  of  values  for 
all  alternatives  could  be  displayed  and  readily  differentiated.  The  shading 
assigned  to  any  entry  in  the  pictograms  is  strictly  defined  by  the  mean  value  of 
the  risk  measure  relative  to  the  numerical  boundaries  of  the  ranges.  Differences 
in  shading  should  not  be  interpreted  as  indicating  a  significant  difference  in 
risk.  Note  that  the  numerical  equivalence  scale  chosen  for  this  progranmatic 
chart  (involving  the  larger  values  associated  with  the  summation  of  risk  at 
individual  locations)  is  higher  (by  one  order  of  magnitude  or  distance  category) 
than  the  numerical  equivalence  scale  fear  the  location-specific  pictograms 
displayed  in  Section  3.3. 

Discussion  of  comparative  risks,  as  presented  in  this  section,  are  based  on 
reference  to  the  actual  data  fran  the  risk  analysis;  the  quantitative  comparisons 
cannot  be  derived  fron  the  pictograms.  To  support  the  progranmatic  risk 
catparisons  in  this  subsection,  actual  values  for  the  risk  measure  for  the  five 
FPEIS  alternatives  are  presented  in  Table  2;  data  are  provided  for  the  unmitigated 
case. 

The  continued  storage  alternative  has  the  greatest  probability  of  causing  one 
or  more  fatalities  of  the  five  alternatives.  The  remaining  four  alternatives  have 
approximately  a  factor  of  10  lcwer  probability  of  causing  one  or  more  fatalities. 

The  maximum  nunfcer  of  fatalities  of  the  five  FPEIS  alternatives  ranging 
between  approximately  5,000  and  90,000,  with  continued  storage  having  the  greatest 
nutter  and  on-site  disposal  having  the  least.  Continued  storage  has  16  times  more 
maximum  fatalities  than  on-site  disposal;  the  national  or  regional  alternatives 
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FIGURE  6 

RISK  COMPARISON  FOR  PROGRAMMATIC  ALTERNATIVES 
ALL  LOCATIONS  COMBINED 


TABLE  2 

QUANTITATIVE  COMPARISON  OP  RISK  MEASURES  FOR 
PROGRAMMATIC  ALTERNATIVES 
-ALL  LOCATIONS  CCMBINED- 


Unmitigated  Risk 


Alternatives 


Continued  Storage 
25  Yrs.  (OTR) 


On-Site  Disposal 
(CMS) 


Regional  Disposal 
(REG) 


National  Disposal 
(NAT) 


Probability 
of  One 
or  More 
Fatalities 


6.4  x  lO-2 

7.3  x  10"3 

4.8  x  10~3 

5.1  x  lO'3 


Partial  Relocation  1.1  x  10"2 
(PR) 


> 


Maximus 
Number  of 
Fatalities 


8.9  x  10* 

5.4  x  103 

4.2  x  10* 

4.2  x  10* 

2.3  x  10* 


235 


Expected 

Fatalities 


19.3 

1.0  x  10-2 

1.2  x  lO"2 

3.1  x  10-2 

3.4  x  lO'2 


Person- 
Years 
at  Risk 


1.4  x  10» 


2.3  x  106 


5.4  x  10* 


3.1  x  10* 


Expected 
Plume  Area 
(kin  ) 

2.1 

7.2  x  lO"3 


5.5  x  106  9.3  x  lO"3 


1.2  x  10-2 


1.3  x  10-2 


mm 


1ml 


mm 


,  1 
|  M 


have  7  times  more  than  on-site  disposal  alternative  and  the  partial  relocation 
alternative  has  4  times  more  than  the  on-site  disposal  alternative. 


The  continued  storage  alternative  has  the  greatest  expected  fatalities,  while 
the  on-site  disposal  and  regional  disposal  alternatives  have  tlie  least.  The  value 
of  expected  fatalities  for  the  partial  relocation  and  national  disposal 
alternatives  is  approximately  three  times  that  for  the  on-site  disposal 
alternative,  while  the  value  for  the  continued  storage  alternative  (25  years)  is 
approximately  1,900  times  greater  than  for  the  on-site  disposal  alternative.  This 
significant  difference  is  not  displayed  on  the  pictogram,  since  the  darkest 
shading  category,  in  which  continued  storage  falls,  is  unbounded  on  the  higher  end. 

The  difference  between  the  expected  fatalities  for  the  continued  storage 
alternative  and  the  other  four  alternatives  is  moia  precisely  shown  in  a  plot  of 
expected  fatality  estimates.  Figure  7  portrays  the  expected  fatality  estimates, 
with  upper  and  lower  bounds,  for  each  of  the  five  unmitigated  alternatives.  The 
data  show  the  dominance  of  expected  fatalities  associated  with  25  years  of 
continuing  storage  over  expected  fatalities  associated  with  any  of  the  disposal 
alternatives.  Continued  storage  shows  a  mean  expected  fatality  value  of 
approximately  20,  indicating  that  the  analysis  predicts  a  public  fatality  rate 
averaging  roughly  one  per  year.  The  fact  that  no  deaths  to  the  public  have 
occurred  after  the  decades  of  storage  does  not  mean  the  analysis  is  greatly  in 
error  or  unduly  conservative,  rather,  it  is  because  the  continued  storage 
accidents  axe  predicted  to  be  infrequent  (occurring  far  less  than  1  per  year)  but 
severe  (multiple  fatalities) . 

Person-years-at-risk  are  approximately  equal  for  the  on-site  disposal  and 
partial  relocation  alternatives.  The  national  and  regional  disposed  alternatives 
have  approximately  five  times  more  person-years-at-risk  than  the  on-site  disposal 
alternative;  and  the  continued  storage  alternative  has  approximately  60  times  more 
person-years-at-risk  than  the  on-site  disposal  alternative. 

Expected  plume  area  is  greater  for  the  continued  storage  alternative  and 
least  for  the  cn-site  disposal  alternative. 

3.2.2.  Major  Sources  of  Risk  in  Each  Alternative 

Figures  8  through  12  display  the  emulative  risk  for  the  five  disposal 
alternatives.  Each  curve  shews  the  probability  that  the  number  of  fatalities 
indicated  by  the  horizontal  scale  is  estimated  to  occur  during  the  course  of  the 
entire  disposal  program.  The  intercept  of  the  risk  curve  with  the  vertical  axis, 
at  a  potential  fatality  of  value  1,  is  the  probability  of  one  or  more  fatalities 
—  one  of  the  chosen  major  measures  of  progranmatic  risk.  The  area  under  each 
risk  curve  is  numerically  equal  to  another  of  the  principle  risk  measures  —  the 
expected  fatalities  of  the  alternative.  Finally,  the  horizontal  intercepts  (at 
probability  =  10~iU)  indicate  the  maximum  fatalities  that  potentially  could 
occur,  although  at  very  lew  probability,  during  the  execution  of  the  disposal 
alternative.  The  intercept  for  the  lower  bound  curve  indicates  maximum  fatalities 
for  most-likely  meteorology  with  wind  directed  at  the  average  population 
density;  the  dashed  vertical  line  at  the  right  of  each  curve  indicates  the  maximum 
fatalities  for  worst-case  meteorology  with  wind  directed  toward  the  maximum 
potentially  affected  population.  The  latter  for  maximum  fatalities  (i.e., 
worst-case  conditions)  is  the  measure  represented  in  the  pictograms. 
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The  risk  curves  shew  mean  to  lues  as  the  dotted  curve,  as  well  as  upper  and 
lower  uncertainty  bounds  (95  percent  and  5  percent  levels) .  The  uncertainty 
bounds  have  been  estimated  through  the  use  of  the  range  factor  data  supplied  by  GA 
Technologies  as  a  part  of  the  accident  scenario  data  base  (GA  Technologies, 

1987,  1987°,  1987C) .  Note  that  the  uncertainty  estimates  are  based  on 
uncertainty  in  the  estimated  probability  that  an  accident  will  take  place,  not  on 
uncertainty  in  the  consequence  of  an  accident;  nor  do  the  uncertainty  estimates 
include  the  uncertainty  in  population  density,  atmospheric  conditions,  and  dose 
response.  Uncertainty  in  wind  direction  is  implied  by  assuming  a  uniform  wind 
rose  (equal  probability  for  any  direction)  in  conjunction  with  the  assumptions  of 
most-likely  meteorological  conditions  and  average  population  densities  used  for 
all  probabilistic  risk  computations. 

3. 2. 2.1  Continued  Storage.  The  programmatic  risk  due  to  the  continued 
storage  alternative  is  portrayed  in  Figure  8.  The  risk  is  made  up  of  both 
internally-  and  externally-initiated  potential  accidents.  Storage  of  bulk 
containers  account  for  99  percent  of  the  risk.  Externally-initiated  events,  and, 
in  particular,  relatively  mild  earthquakes  that  result  in  fires  affecting 
warehouse  storage  of  bulk  containers  of  mustard  or  VX  at  three  sites  (NAAP,  UMDA, 
and  TEAD) ,  account  for  nearly  all  of  the  risk  as  measured  by  expected  fatalities 
(the  area  under  the  cumulative  risk  curve) ,  with  earthquakes  at  the  NAAP  warehouse 
dominating.  The  probability  of  these  earthquake  events  occurring  in  any  given 
year  is  in  the  range  of  10-4  to  10  ,  and  the  amount  of  agent  potentially 
released  is  in  the  range  of  10,000  to  100,000  pounds  or  more  —  an  amount  which, 
because  it  can  be  released  as  a  vapor  cloud  fed  by  burning  agent,  can  cause 
downwind  plume  lengths  ("no-deaths"  hazard  distances,  most-likely  weather)  of  20 
to  50  km.  Such  large  plumes  could  result  in  large  numbers  of  fatalities,  even  in 
remote  areas. 

The  next  most  significant  contributor  to  risk  of  continued  storage  is  the 
result  of  another  external  event  —  a  snail  aircraft  crash  into  the  open  storage 
yard,  containing  two  containers  of  mustard,  at  APG.  Like  the  warehouse  accidents, 
this  scenario  involves  the  fire-included  release  of  mustard  agent.  The  frequency 
expected  for  this  accident  is  10~'>  per  year  and  the  quantity  of  agent  released 
is  in  the  range  of  5000  lbs,  which  can  result  in  a  plume  length  of  approximately  3 
km. 

The  analysis  has  identified  a  number  of  highly  probable  agent-releasing 
handling  accidents  associated  with  movement  of  the  stockpile  for  maintenance  and 
surveillance.  These  accidents,  although  estimated  to  occur  more  frequently  than 
earthquakes  or  aircraft  accidents  (frequency  10-^  per  year)  release  small 
quantities  of  agent  since  the  contents  of  only  one  munition  or  pallet  is  involved, 
and  the  accident  can  be  cleaned  up  more  quickly.  Because  the  release  quantities 
are  smaller,  the  dewnwind  hazard  distances  are  less.  Therefore,  handling 
accidents  during  storage  do  not  contribute  significantly  to  the  population  risks 
associated  with  the  continued  storage  alternative. 

The  risk  curve  shews  that  accidents  with  consequences  greater  than  5000 
fatalities  could  occur.  These  accidents  involve  aircraft  crashing  into  the 
warehouse  at  NAAP  resulting  in  fire- induced  release  of  acrent  VX.  However,  the 
probability  of  these  potential  accidents  is  less  than  10  ,  and  the  resulting 

contribution  to  expected  fatalities  is  relatively  lew.  The  risk  curve  also  shows 
a  probability  to  expected  fatalities  of  one  or  more  fatalities  (the  Y-axis 
intercept)  to  be  0.05  with  a  range  factor  of  approximately  10.  This  means  that 


the  chance  of  a  fatal  accident  (cane  or  more  deaths)  per  year  is  0.05/25  =  0.002, 
with  the  same  range  factor.  Thus,  the  risk  analysis  predicts  a  fatal  event  every 
500  years  <500  =  1/0.002),  give  or  take  a  factor  of  10. 

3. 2. 2. 2  On-Site  Disposal.  The  prograntnatic  risk  of  on-site  disposal  is 

displayed  in  Figure  9.  Several  activity  categories  contribute  to  on-site  disposal 
risk;  93  percent  being  caused  by  chemical  disposal  plant  operations;  2  percent 
caused  by  handling  in  the  storage  area  and  at  the  disposal  facility;  and  4  percent 
being  caused  by  on-site  storage  transportation.  Wie  major  contributors  to  on-site 
disposal  risk  are  earthquakes  damaging  the  disposal  plant  and  human-error-induced 
accidents  involving  inadvertent  feed  of  a  burstered  munition  to  the  dunnage 
incinerator.  Wiese  accidents  are  among  the  most  frequent  of  all  those  identified 
for  this  alternative;  they  have  a  probability  of  occurring  during  the  stockpile 
program  of  approximately  10  .  Wie  agent  release  for  the  earthquake  scenario  is 

large  because  the  munition  demilitarization  building  (MDB)  is  assumed  to  be 
severely  damaged  and  bulk  agent  quantities  and/or  multiple  munitions  are  involved; 
the  estimated  potential  release,  via  fire,  is  sufficient  to  generate  a  lethal 
plume  approximately  3  km  long.  The  dunnage  furnace  scenarios  involve  lesser 
release  quantities,  since  only  single  munitions  are  involved.  Aircraft  crashes 
into  the  disposal  plant  do  not  contribute  significantly  to  risk  because  of  the 
relatively  snail  size  of  the  target  and  of  the  local  inventory  available  for 
release,  and  because  of  the  relatively  short  time  the  plant  is  in  operation  (less 
them  3  years  at  most  sites) . 

On-site  transport  of  monitions  also  contributes  significantly  to  on-site  risk 
because  large  quantities  of  agent  can  be  involved  in  vehicle  accidents,  and 
because  the  probability  of  occurrence,  although  only  10-A°  accidents  per 
vehicle-mile,  is  relatively  high  because  there  are  many  vehicle-miles  involved  in 
the  CSDP. 

Handling  accidents  which  contribute  most  significantly  to  on-site  risk  are 
the  dropping  of  an  on-site  container  or  a  pallet  of  munitions. 

The  on-site  disposal  alternative  has  the  lowest  maximum  consequence  accident 
(most-likely  meteorological  conditions)  of  any  alternative.  The  maximum  potential 
fatality  event  could  cause  an  estimated  54  deaths  (under  these  most-likely 
conditions)  as  a  result  of  either  an  earthquake,  leading  to  a  fire  in  the  disposal 
plant,  or  a  serious  on-site  transport  vehicle  accident;  all  these  maximum 
consequence  accidents  involve  the  fire- borne  or  detonation-caused  release  of  agent 
VX. 

In  addition  to  the  dunnage  incinerator  accidents  discussed  above,  other 
accidents  having  probabilities  in  the  range  of  1C)  to  10  J  per  stockpile  also 
include  handling  operations  both  at  the  storage  yard  and  at  the  plant;  these 
handling  accidents,  with  the  exception  of  accidents  during  handling  of 
ton-containers  containing  <33,  do  not  result  in  consequences  beyond  the  boundaries 
of  the  military  reservation. 

3. 2. 2. 3  Regional  Disposal  (Fail) .  Figure  10  illustrates  the  progranmatic 
risk  for  the  regional  disposal  alternative.  Over  60  percent  of  the  total  risk 
(expected  fatalities)  is  due  to  potential  off-site  transport  accidents;  25  percent 
of  the  risk  is  due  to  plant  operations  and  less  than  10  percent  results  from 
on-site  transport;  short-term  storage  and  handling  together  contribute  to  less 
than  5  percent  of  the  total  risk.  Cf  the  risk  contributed  by  off-site 
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transportation ,  8  percent  is  due  to  the  transport  of  rockets,  followed  in 
significance  by  an  11  percent  contribution  due  to  transport  of  mines.  Of  total 
regional  disposal  risk,  over  60  percent  is  due  to  rockets. 

Among  individual  accident  scenarios,  those  contributing  most  to  risk  are  due 
to  off-site  rail  transport  of  rockets.  Of  nearly  equal  risk  are  dunnage 
incinerator  accidents  involving  rockets  and  mines. 

In  contrast  to  the  on-site  disposal  risk  curve  (Figure  9) ,  the  regional 
alternative  includes  potential  accidents  with  much  higher  consequences 
(most-likely  conditions) :  greater  than  1400  maximum  fatalities  vs.  54  for 
on-site .  The  highest  consequence  involves  short-term  storage  of  the 
transportation  containers  of  rockets  in  the  holding  area.  However, Jthe 
probability  of  this  high  consequence  accident  is  low:  less  than  10. 

The  highest  probability  accidents  for  this  alternative  are  those  due  to 
inadvertent  feeding  of  burstered  munitions  into  the  dunnage  incinerator  and 
handling  accidents  involving  single  munitions  or  a  pallet  of  irunitions.  These 
high  probability  accidents  are  not  of  sufficient  consequence,  under  most-likely 
conditions,  to  cause  fatalities  beyond  the  boundaries  of  the  military  reservation 
with  the  exception  of  dunnage  furnace  accidents  involving  mines  and  rockets. 

3. 2.2.4  National  Disposal  (Rail) .  The  programmatic  risk  due  to  the 
national  disposal  alternative  is  portrayed  by  Figure  11.  The  risk  curve  appears 
to  be  very  similar  to  that  for  the  regional  disposal,  as  one  might  expect  since 
the  mix  of  activities  is  the  same,  with  the  major  differences  due  to  where  the 
accidents  might  take  place.  Relative  to  regional  disposal,  the  national 
alternative  involves  the  transportation  of  the  ANAD  stockpile  and  the  shift  of  all 
plant  operations  to  TEAD. 

Of  the  total  risk,  approximately  90  percent  is  caused  by  off-site 
transportation  and  less  than  5  percent  is  caused  by  chemical  disposed  plant 
operations.  Of  the  off-site  transportation  risk,  over  95  percent  is  caused  by 
transportation  of  energetic  munitions,  approximately  55  percent  of  that  being 
caused  by  transportation  of  rockets,  and  25  percent  by  transportation  of 
projectiles. 

As  with  regional  disposal,  the  major  contributors  to  risk  among  individual 
accident  scenarios  are  the  off-site  rail  transportation  accidents.  However,  for 
this  alternative,  the  highest  risk  accidents  include  those  due  to  projectiles  and 
mines,  representing  the  risk  due  to  transport  of  the  ANAD  stockpile  to  TEAD. 

The  highest  consequence  scenario,  involving  potential  fatalities  of  over 
1400,  is  the  same  as  for  the  regional  alternative:  short-tern  storage  of  rockets 
in  the  holding  area. 

-4 

Highest  probability  accidents  (probability  greater  than  10  )  for  national 
disposal  are  due  to  plant  operations  (inadvertent  feed  of  burstered  munitions  to 
dunnage  incinerators),  handling,  and  off-site  rail  transportation .  Of  these,. the 
handling  accidents  do  not  lead  to  plume  lengths  which  exceed  the  boundary  of  the 
military  reservation  with  the  exception  of  those  involving  ten  containers  cf  GB, 
and  therefore  do  not  contribute  significantly  to  risk. 
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3. 2. 2. 5  Partial  Relocation.  APG  &  LEAD  to  TEAD  by  Air  (C141) . 

Programnatic  risk  for  the  partial  relocation  alternative,  cn-site  disposal  at  all 
sites  except  for  transport  of  the  APG  and  LEAD  stockpiles  to  TEAD  via  C141 
aircraft,  is  shown  in  Figure  12.  Of  total  risk,  71  percent  is  due  to  off-site 
transportation  and  27  percent  results  from  plant  operations.  Accidents  involving 
rockets  contribute  77  percent  of  total  risk.  In-flight  air  accidents  (along  the 
transportation  corridor)  account  for  46  percent  of  total  risk  for  this  alternative. 

The  highest  consequence  accidents,  under  most-likely  conditions,  for  this 
alternative  (112  potential  fatalities)  are  due  to  aircraft  take-off  accidents 
involving  rockets  and  projectiles  containing  GB. 

The  probability  of  one  or  more  fatalities  for  this  alternative  is 
approximately  10  , 

3.3  Location-Specific  Risk 

In  this  section,  the  distribution  of  risk  according  to  location 
(storage/disposal  —  i.e. ,  "fixed"  —  sites  and  transportation  corridors)  is 
presented  by  means  of  the  pictogram  display  of  the  major  risk  parameters  as  shown 
in  Figures  13  through  28.  The  first  5  pictograms,  Figures  13  through  17,  ccrpare 
the  risk  measures  for  each  of  the  five  FPEIS  disposal  alternatives  at  each  of  the 
eight  sites  for  the  unmitigated  case.  Figures  18  through  20  present  the  risk  to 
the  transportation  corridor  populations  (which  is  not  affected  by  the  proposed 
mitigation  measure)  for  the  three  alternatives  involving  off-site  transport  of  the 
stockpile.  Figures  21  tl rough  28  present  the  pictogram  displays  of  risk  measures 
for  each  of  the  eight  sites  and  for  the  unmitigated  case  plus  two  levels  of 
mitigation.  Although  the  relevant  values  (shadings)  in  Figures  13  through  17  are 
identical  to  those  for  Figures  21  through  28,  the  information  is  presented  on  a 
site-by-site  basis  for  the  latter  figures  to  facilitate  ocnparison  of  risks  at  a 
site  for  the  different  alternatives.  The  reader  should  note  that  all  figures 
displaying  site  risk  do  not  incorporate  risks  along  a  transportation  corridor. 

(The  corresponding  pictogram  for  all  locations  combined  was  presented  as  Figure  6.) 

3.3.1  Distribution  of  Progamratic  Risk  by  Location 

In  addition  to  the  differences  in  overall  programmatic  risk  among  the 
disposal  alternatives,  as  presented  in  section  3.2,  there  are  major  differences  in 
how  that  risk  (as  measured  by  expected  fatalities)  is  distributed  among  the 
affected  population  groups.  The  pictograms  supporting  this  discussion  are  those 
presented  in  Figures  13  through  20.  In  this  regard,  we  note  the  following: 

o  For  continued  storage,  the  risk  is  borne  primarily  by  two  sites:  NAAP 
with  85  percent  of  the  total,  and  UMDA  with  14  percent. 

o  Risk  is  somewhat  more  evenly  siiared  for  the  unmitigated  on-site 
disposal  alternative,  hut  even  here,  large  disparities  exist:  48 
percent  of  the  total  risk  would  be  experienced  at  PBA,  with  2  percent  cr 
less  of  the  total  borne  at  each  of  four  sites  —  AR1,  LEAD,  FUDA,  and 
UMDA. 

For  the  regional  alternative,  63  percent  of  the  total  programmatic 
risk  is  borne  by  the  population  groups  along  the  transportation 
corridors,  and  only  3  percent  is  felt  by  the  populations  near  the 
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SITE-SPECIFIC  COMPARISON  OF  RISK  FOR 
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SITE-SPECIFIC  COMPARISON  OF  RISK  FOR 
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FIGURE  15 

SITE-SPECIFIC  COMPARISON  OF  RISK  FOR 
REGIONAL  DISPOSAL  (REG) 

(Risk  along  transportation  corridors  not  included) 
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FIGURE  16 

SUE-SPECIFIC  COMPARISON  OF  P!SK  FOR 
NATIONAL  OISPOSAL  (NAT) 

(Risk  along  transportation  corridors  not  included) 
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FIGURE  17 

SITE-SPECIFIC  COMPARISON  01-  RISK  FOR 
PARTIAL  RELOCATION  (PP.) 
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FIGURE  18 


RISK  ALONG  RAIL  TRANSPORTATION  CORRIDORS 
FOR  REGIONAL  DISPOSAL 
•  ALL  WrriGAHON  LEVELS  • 
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RISK  ALONG  RAIL  TRANSPORTATION  CORRIDORS 
FOR  NATIONAL  OISPOSAL 
•  ALL  MITIGATION  LEVELS  - 
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FIGURE  20 


RISK  ALONG  AIR  TRANSPORTATION  CORRIDOR 
FOR  PARTIAL  RELOCATION  DISPOSAL 
•  ALL  MITIGATION  LEVELS  - 
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FIGURE  21 


RISK  IN  THE  VICINITY  OF 
ANNISTON  ARMY  DEPOT  (ANAD) 
FOR  PROGRAMMATIC  ALTERNATIVES 


(Risk  along  transportation  corridor*  not  Included) 
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FIGURE  22 


RISK  IN  THE  VICINITY  OF 
ABERDEEN  PROVING  GROUND  (APG) 
FOR  PROGRAMMATIC  ALTERNATIVES 


(Risk  along  transporta'ion  corridors  or  not  Included) 
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FIGURE  23 


RISK  IN  THE  VICINITY  OF 
LEXINGTON-BLUE  GRASS  ARMY  DEPOT  (LBAD) 
FOR  PROGRAMMATIC  ALTERNATIVES 


(Risk  along  transportation  corridors  not  Included) 
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RISK  IN  THE  VICINITY  OF 
NEWPORT  ARMY  AMMUNITION  PLANT  (NAAP) 
FOR  PROGRAMMATIC  ALTERNATIVES 

(Risk  along  transportation  corridor  not  included) 
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FIGURE  25 

RISK  IN  THE  VICINITY  OF 
PINE  BLUFF  ARSENAL  (PBA) 

FOR  PROGRAMMATIC  ALTERNATIVES 


(Risk  along  transportation  corridors  or  not  Includes) 
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RISK  IN  THE  V1CINTTY  OF 
PUEBLO  DEPOT  ACTIVITY  (PUDA) 
FOR  PROGRAWMATIC  ALTERNATIVES 


(Risk  along  transportation  corridors  r.ot  Ineiydad) 
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RISK  IN  THE  VICINITY  OF 
TOOELE  ARMY  DEPOT  (TEAD) 
FOR  PROGRAMMATIC  ALTERNATIVES 


(Risk  along  transportation  corridors  not  included) 
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RISK  IN  THE  VICINITY  OF 
UMATILLA  DEPOT  ACTIVITY  (UMDA) 

FOR  PROGRAMMATIC  ALTERNATIVES 

(Risk  along  transportation  corridors  not  included) 
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originating  nites;  tie  remaining  34  percent  is  borne  by  the  destination 
site  populations  (MAD  and  TEAD) ,  with  ANAD's  share  three  times  TEAD's. 
Risk  along  the  transportation  corridors  is  due  principally  to  shipment 
of  the  PBA  and  LBAD  stockpiles. 

o  Ninety- two  percent  of  the  risk  for  the  national,  alternative  is 
distributed  along  the  transportation  corridors,  leaving  less  than  2 
percent  of  the  risk  to  be  borne  by  the  originating  sites.  The  remaining  6 
percent  of  the  total  is  felt  by  the  TEAD  population  group.  Of  the 
transportation  corridor  risk,  over  50  percent  is  the  result  of 
transporting  the  ANAD  stockpile;  tie  LBAD  and  PBA  stockpiles  also 
contribute  nearly  20  percent  each. 

o  For  the  partial  relocation  alternative,  nearly  half  the  risk  is  borne 
by  the  corridor  populations,  with  the  air-movement  of  the  LBAD  stockpile 
contributing  over  98  percent  of  the  corridor  risk  (68  percent  of  the 
total  risk  for  the  alternative) .  TEAD  sees  only  3  percent  of  the  risk, 
while  LBAD  and  APG  as  the  originating  sites  contribxite  roughly 
25  percent  and  5  percent,  respectively;  risk  at  the  remaining  sites  is 
the  same  as  for  the  on-site  alternative. 

3.3.2  Factors  Contributing  to  Ccnmunity/Societal  Risk,  by  Location 

Risk  at  disposal/storage  sites  includes  all  activities  that  take  place 
there.  These  include  both  storage  and  disposal  activities,  as  well  as  any 
activities  (such  as  extra  handling  and  temporary  storage  while  awaiting  shipment) 
that  could  be  associated  with  preparing  the  stockpile  for  off-site  transport.  The 
sites  are  identified  by  the  codes  listed  in  section  3.1.1. 

3. 3. 2.1  Anniston  Army  Depot  (ANAD) .  Figure  21  displays  the  major  risk 
measure  for  all  applicable  disposal  alternatives  at  ANAD.  For  all  major  risk 
measures,  continued  storage  poses  the  highest  risk  of  any  alternative.  Among  the 
disposal  alternatives,  all  appear  to  pose  the  same  risk  (within  the  numerical 
ranges  defining  the  'pictogram'  shadings)  to  the  public  except  for  national 
disposal  for  which  risk  is  one  or  two  categories  lower  for  probability  of  one  or 
more  fatalities  and  expected  fatalities.  Person-years-at-risk  is  high  for  the 
national  and  regional  alternatives. 

For  the  case  of  no  mitigation,  the  major  contributors  to  catmunity/ 
societal  risk  to  the  ccrmunity  in  the  vicinity  of  ANAD,  as  measured  by  expected 
fatalities,  for  each  of  the  disposal  alternatives  is  summarized  below: 

o  Continued  storage  risk  at  ANAD  is  mostly  (90  percent)  due  to  handling 
activities;  the  remainder  of  the  risk  results  from  external  events 
affecting  the  stockpile.  Furthermore,  over  90  percent  of  the  risk  is 
due  to  projectiles. 

o  For  the  on-site  and  partial  relocation  (which,  for  ANAD,  is  the 

same  as  on-site)  alternatives,  97  percent  of  the  risk  is  due  to  plant 
operations,  and  of  that  risk,  roughly  70  percent  is  due  to  the  disposal 
of  mines  with  most  of  the  remainder  due  to  rockets. 
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o  The  regional  disposed  risk  is  due  primarily  (75  percent)  to  plant 
operations; most  of  the  remainder  (22  percent)  results  from  on-site 
transport.  Roughly  40  percent  of  total  risk  is  due  to  rockets;  another 
40  percent  is  due  to  mines;  only  1  percent  of  the  risk  results  frem  the 
disposal  of  bulk  agent.  The  reason  for  the  relatively  high  risk  of  the 
regional  alternative  is  the  need  to  process  the  additional  inventory 
of  munitions  shipped  in  by  rail  fretn  other  sites. 

o  The  national  alternative,  62  percent  of  the  risk  is  due  to  on-site 
transport  accidents  and  37  percent  results  from  handling  accidents. 

Among  the  munition  types,  nearly  80  percent  of  the  risk  results  from 
rockets,  with  the  remainder  split  evenly  between  mines  and  projectiles. 

3. 3. 2. 2  APG.  The  risk  fron  various  disposal  alternatives  to  the 
population  about  APG  is  illustrated  by  the  pictogram  in  Figure  22.  Except  for  the 
probability  of  one  or  more  fatalities,  all  risk  if&asures  indicate  that  the  on-site 
alternative  poses  the  least  risk.  On  the  basis  of  expected  fatalities,  the  risk 
3ue  to  the  disposal  alternatives  is  roughly  the  same  (within  25  percent)  for  all. 
Risk  associated  with  the  continued  storage  alternative  is  greater  than  for  any  of 
the  disposal  alternatives  by  a  factor  of  10  -  100. 

The  major  contributors  to  risk  for  each  unmitigated  alternative  at  APG  are 
summarized  below: 

o  100  percent  of  the  continued  storage  risk  is  due  to  external  events 
(aircraft  crashes)  during  storage;  there  are  no  handling  events  of  risk 
significance,  a  result  of  the  fact  that  APG's  stockpile  consists  only  of 
mustard  agent  in  bulk  containers,  and  the  handling  accidents  lead  only 
to  spill  or  spills  with  fire  which  do  not  create  plume  that  move  beyond 
the  bouixlary  of  the  military  reservation. 

o  FOr  the  on-site  alternative,  100  percent  of  the  risk  results  from 
plant  operation. 

o  The  risk  due  to  regional  and  national  alternatives  (the  same  for 

those  living  near  APG)  is  due  entirely  to  accidents  during  short-term 
storage  related  to  off-site  transportation  via  rail. 

o  For  the  partial  relocation  —  air  mode  alternative,  more  than  95 
percent  of  the  risk  arises  fron  off-sTte  transportation-related 
activities  —  mainly  crashes  of  aircraft  carrying  bulk  containers  of 
mustard,  during  take-off.  The  remainder  of  the  risk  results  fron 
short-term  storage  activities. 

o  For  the  partial  relocation  —  water  mode  alternative,  the  risk  is 

about  evenly  split  between  off-site  transportation-related  accidents  — 
and  short-term  storage  accidents  —  an  aircraft  crashing  into  a  loaded 
LASH  while  still  moored  in  the  Aberdeen  area. 

3. 3. 2. 3  LEAD.  Figure  23  contains  the  pictogram  representation  of  risk  at 
LEAD.  The  pictogram  for  the  unmitigated  case  indicates  that  the  regional  and 
national  alternatives  (identical  in  terms  of  originating  site  activities  and  risk 
at  LEAD)  pose  the  least  risk  to  the  population  surrounding  LEAD.  On  the  basis  of 
expected  fatalities,  the  risk  due  to  the  national /regional  alternatives  is  less 


than  that  due  to  on-site  disposal  by  a  factor  of  3  or  4,  while  the  risk  due  to  the 
partial  relocation  (air  mode)  alternatives  dominate  by  one- to- two  orders  of 
magnitude. 

The  contributions  to  risk  for  each  unmitigated  disposal  alternative  are 
summarized  below: 

o  For  continued  storage  at  I£AD,  essentially  all  of  the  risk  arises  from 
handling  accidents  associated  with  the  maintenance  of  projectiles.  The 
highest  risk  accidents  are  due  to  the  movement  of  munitions  for 
maintenance  purposes. 

o  The  risk  to  on-site  disposal  results  primarily  (61  percent)  from  plant 
operations,  with  the  remainder  of  the  risk  caning  fran  on-site 
transportation  accidents.  Among  munition  types,  rockets  contribute  96 
percent  of  the  risk. 

o  For  the  regional/national  alternatives ,  100  percent  of  the  risk 
results  from  rockets.  Among  activity  types,  93  percent  of  the  risk 
is  due  to  on-site  transportation,  with  handling  contributing  to  the 
remainder. 

o  For  the  partial  relocation  —  air  mode  alternative,  99  percent  of  the 
risk  is  due  to  off -site  transportation-related  accidents  —  aircraft 
crashes  on  take  off.  Ninety  percent  to  95  percent  of  the  total  risk 
results  frcm  the  transport  of  rockets. 

3. 3. 2. 4  NAAP.  The  risk  at  NAAP  is  illustrated  by  the  pictogram  in  Figure 
24.  The  comparison  of  risk  among  the  unmitigated  alternatives  becomes  very 
obvious  for  this  sire:  Continued  storage  poses  the  highest  risk  of  all  measures. 
Regional  and  national  disposal  represent  the  least  (in  fact,  very  low)  risk  at 
NAAP,  while  the  risk  due  to  on-site  disposal  fall  between  these  extremes.  At 
NAAP,  the  partial  relocation  disposal  alternative  is  identical  to  the  on-site 
disposal  alternative. 

The  major  contributions  to  risk  for  each  unmitigated  alternative  are 
discussed  below: 

o  The  entire  risk  associated  with  continued  storage  at  NAAP  is  due  to 
external  events  damaging  the  stored  agent  (all  of  which  is  agent  VX  in 
ton  containers  in  a  warehouse.)  In  particular,  the  potential  accident 
posing  the  highest  risk,  by  far,  is  an  earthquake-induced  failure  of  the 
storage  warehouse  with  a  resulting  fire.  Handling  during  storage  poses 
only  a  negligible  risk. 

o  For  on-site  disposal,  essentially  the  entire  (all  but  a  fraction  of  a 
percent)  risk  is  posed  by  plant  operations,  for  which  the  major 
contributing  accident,  as  with  continued  storage,  is  an 
earthquake- induced  failure  of  the  demilitarization  building  and 
simultaneous  failure  of  the  fire  suppression  system. 
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o  The  very  small  risk  (expected  fatalities  less  than  10  )  of  regional 
and  national  disposal  to  the  NAAP  population  is  die  entirely  to  a 
handling  accident  leading  to  a  short  duration  fire. 


3. 3. 2. 5  PER.  The  risk  to  the  PEA  population  is  portrayed  by  the 
pictograms  in  Figure  25.  The  pictogram  for  the  unmitigated  case  illustrates  a 
more  oatplex  situation  than  is  portrayed  for  NAAP.  On-site  disposed  appears  to 
pose  the  highest  risk,  both  in  terms  of  the  number  of  risk  measures  which  are  in 
the  higher  risk  categories,  an  on  the  basis  of  expected  fatalities.  (As  for  all 
sites  but  APG  ,  LEAD,  and  TEAD,  the  programmatic  partial  relocation  alternative 
calls  for  on-site  disposal  at  PBA) .  Continued  storage  poses  the  least  risk,  with 
the  regional /nationa 1  transportation  alternatives  responsible  for  an  intermediate 
level  of  risk. 

Contributions  to  risk  for  each  unmitigated  disposal  alternative  at  PEA  are 
discussed  briefly  below: 

o  Over  90  percent  of  the  continued  storage  risk  at  PEA  results  from 

external  events  (aircraft  crashes  or  meteorite  strikes)  causing  fire-borne 
release  of  mustard  agent  from  the  ton  containers  in  open  storage.  The 
remainder  of  the  risk  is  due  almost  to  handling  accidents  (the  dropping  of 
a  pallet  leading  to  detonation  affecting  stored  rockets. 

o  For  on-site  disposal,  nearly  95  percent  of  the  risk  results  fran  plant 
operations;  the  remaiixJer  is  due  to  on-site  transportation.  Over  90 
percent  of  the  plant  operations  risk  is  caused  by  inadvertent  feed  of 
rockets  and  mines  to  the  dunnage  incinerator.  Rockets  and  mines, 
together,  are  responsible  for  essentially  all  of  the  risk  at  PBA;  bulk 
containers  contribute  a  negligible  fraction  (well  less  than  1  percent) . 

o  For  the  regional  and  national  disposal  alternatives,  nearly  60  percent 
of  the  risk  to  the  population  near  PBA  results  from  on-site 
transportation  accidents  involving  rockets;  the  remainder  of  the  risk  is 
roughly  split  between  handling  and  short-term  storage,  again  involving 
rockets.  In  fact,  all  hut  2  percent  of  the  risk  for  all  activities  is 
due  to  rockets.  Accidents  involving  a  release  of  agent  GB  dominate 
the  risk. 

3. 3. 2. 6  PUPA.  Figure  26  displays  in  pictogram  form  the  comparative  risk 
for  the  applicable  disposal  alternatives  at  PUDA.  For  the  unmitigated  case,  the 
continued  storage  alternative  appears  to  pose  the  highest  risk,  but  only  to  the 
basis  of  the  probability  of  one  or  more  fatalities,  relative  to  the  regional  and 
national  disposal  alternatives.  On-site  disposal  results  in  the  least  risk  to  the 
population  near  PUDA  if  all  risk  measures  are  considered.  On  the  basis  of 
expected  fatalities  alone,  all  disposal  alternatives  pose  low  risk  (less  than 

10  ;  at  PUDA  with  on-site  disposal  posing  the  least. 

The  factors  contributing  to  unmitigated  risk  at  PUDA  are  surrmarized  below: 

o  The  risk  at  PUDA  during  continued  storage  arises  entirely  from 
potential  aircraft  crashes  into  the  storage  facility,  leading  to 
detonation  and/or  fire.  Projectiles  account  for  nearly  80  percent  of 
the  risk.  Although  the  risk,  as  measured  by  expected  fatalities  is  very 
lew,  that  risk  is  made  up  of  highly  improbable  but  very  severe  potential 
accidents  for  which  tie  "no-deaths"  plume  length,  worst-case  weather, 
could  exceed  50  km  and  lead  to  over  15,000  potential  fatalities.  The 


fact  that  probability  of  one  or  more  fatalities  is  relatively  high  is 
the  result  of  a  single  highly  probable  handling  accident  of 
negligible  consequence. 

o  For  on-site  disposal,  plant  operations  account  for  nearly  95  percent 
of  the  risk,  with  the  major  event  being  eartbqake- initiated  fires  in  the 
munition  demil  building.  The  most  severe  accident  involves  a 
"no-deaths"  plume  length  of  approximately  1  km  (most-likely  weather) . 

The  remainder  of  the  risk  is  due  to  an  on-site  vehicle  accident  leading 
to  detonation  and  fire. 

o  The  risk  at  PUDA  due  to  regional  and  national  disposal  is  entirely  the 
result  of  short-term  storage  associated  with  off-site  real 
transportation.  Most  (90  percent)  of  the  risk  is  due  to  projectiles. 

The  scenarios  contributing  the  irost  risk  are  those  involving  aircraft 
crashes  into  the  transportation  containers  in  the  holding  area.  As  with 
continued  storage,  the  risk  as  measured  by  expected  fatalities  is  low 
but  it  is  comprised  of  a  few  high-consequence ,  low-probability  events. 

The  most  severe  accident  leads  to  a  worst-case  weather,  "no-deaths" 
plume  length  greater  than  50  km  with  the  potential  to  cause  over  15,000 
fatalities. 

3. 3. 2. 7  TEAD.  Figure  27  contains  the  pictogram  comparisons  of  risk 
measures  for  TEAD.  Continued  storage  is  seen  to  be  the  most  risky  on  the  basis  of 
all  risk  measures.  The  lowest  risk  alternatives  appear  to  be  on-site  and  regional 
disposal. 

The  major  contributions  to  risk  for  the  unmitigated  alternatives  at  TEAD 
are  summarized  for  each  disposal  alternative  be lew: 

o  Over  90  percent  of  the  risk  due  to  continued  storage  at  TEAD  is  the 
result  of  earthquake-initiated  damage  and/or  fire  affecting  bulk 
containers  cf  agent  VX  in  warehouse  storage.  Essentially  all  of  the 
remainder  of  the  risk  is  due  to  handling  accidents  involving 
burstered  munitions.  The  events  contributing  the  most  to  expected 
fatalities  are  also  those  having  the  most  severe  consequences 
(maximum  number  of  fatalities)  as  well  as  a  relatively  high 
probability  of  occurring  during  the  CSDP  (10-4  to  10  j . 

o  The  risk  of  on-site  disposal  at  TEAD  results  from  plant  operations  (57 
percent  of  expected  fatalities)  and  handling  (42  percent) .  Nearly  half 
of  the  risk  involves  :eleases  from  bulk  containers  or  while  processing 
bulk  containers ,  while  mines  contribute  a  third  of  the  risk  and  rockets 
approximately  10  percent.  Over  60  percent  of  the  risk  involves  agent 
GB.  The  scenarios  making  major  contributions  to  risk  are  handling 
accidents  involving  ton  containers  of  GB,  inadvertent  passing  of 
rockets  and  mines  into  the  dunnage  incinerator,  and  earthquakes  damaging 
or  causing  fire  in  the  demil  building. 

o  For  regional  disposal,  59  percent  of  the  risk  comes  from  plant 

operations,  27  percent  results  frem  handling  activities,  and  14  percent 
is  due  to  on-site  transportation.  Pockets,  mines,  arid  bulk  containers 
each  contribute  about  25  percent  to  the  risk  at  TEAD.  As  with  on-site 
disposal,  over  60  percent  of  the  risk  involves  agent  GB.  Over  40 
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percent  of  the  regional  disposal  risk  at  TEAD  is  due  to  inadvertent 
feeding  of  rockets  and  mines  into  the  dunnage  incinerator. 

o  For  regional  disposal,  where  the  entire  U.S.  stockpile  is  disposed  of 

at  TEAD,  the  contribution  to  total  risk  due  to  plant  operations  rises  to 
70  percent,  with  approximately  20  percent  of  the  risk  resulting  from 
handling  activities  and  10  percent  caused  by  on-site  transport.  Mines 
and  rockets  each  contribute  one-third  to  the  total  risk  with  nearly  20 
percent  resulting  from  bulk  agent  disposal.  Slightly  more  than  half  of 
the  risk  arises  from  potential  accidents  involving  agent  GB.  The  major 
scenarios  contributing  to  risk  are  essentially  the  same  ones  responsible 
for  risk  for  the  regional  disposal  alternative  at  TEAD,  although  the 
relative  importance  of  sane  of  the  scenarios  is  slightly  different  due 
to  the  different  mix  if  munitions  in  the  inventory  to  be  disposed. 

Nearly  60  percent  of  the  total  risk  is  due  to  inadvertent  feeding  of 
rockets  and  mines  to  the  dunnage  incinerator;  handling  of  ton  containers 
of  GB  are  another  major  risk  contributor  —  responsible  for  10  -  15 
percent  of  the  total.  VeMcular  accidents  during  on-site  transportation 
of  burstered  munitions  is  next  in  risk  significance. 

o  For  tine  partial  relocation  disposal  alternatives  involving  air 

shipment  into  TEAD,  the  risk  picture  changes  significantly.  When  the 
C5  aircraft  is  used  (alternative  PRA) ,  approximately  3/4  of  the  risk 
is  due  to  off-si'  a  transportation  —  aircraft  crashes  during  landing; 
most  of  the  remainder  of  the  risk  results  fron  plant  operations.  For 
the  air  air-mode  alternatives,  approximately  1/3  of  the  risk  is  due  to 
off-site  transportation  —  aircraft  crashes  during  landing;  most  of  the 
remainder  of  the  risk  results  fron  plant  operations .  Rockets  are 
responsible  for  50  percent  to  75  percent  of  the  total  risk;  accidents 
involving  bulk  containers  are  next  in  importance  to  risk.  Close  to  80 
percent  of  risk  involves  agent  GB.  For  the  C5  aircraft  mode,  over  60 
percent  of  the  risk  results  fron  aircraft  crashes  on  landing  while 
transporting  rockets.  Aircraft  crashes  play  a  much  reduced  role  in 
TEAD's  risk  for  other  partial  relocation  alternatives  which  use  the  C141 
aircraft;  for  these  alternatives,  the  highest  risk  event  i3  a  handling 
accident  involving  ton  containers  of  GB. 

3. 3. 2. 8  UMDA.  The  pictogram  comparing  risk  measures  among  the  applicable 
disposal  alternatives  at  UMDA  are  presented  in  Figure  28.  The  only  obvious 
conclusion  to  be  drawn  from  Figure  28,  is  that  tlie  risk  due  to  continued  storage 
exceeds  that  of  any  of  the  disposal  alternatives,  both  in  terms  of  the  number  of 
risk  measures  (all)  for  which  is  in  the  maximum  category  and  in  terms  of  exported 
fatalities.  In  fart,  the  risk  of  continued  storage  for  25  years,  as  measured  by 
expected  fatalities,  daninates  disposal  risk  by  several  orders  of  magnitude. 

The  major  contributions  to  unmitigated  risk  for  each  disposal  alternative 
are  summarized  belcw: 

o  The  risk  associated  with  continued  storage  is  due  almost  entirely 

(greater  than  99  percent)  to  earthquake-induced  damage  with  the  fire  in 
warehouses  storing  mustard  ton  containers.  This  scenario  represents  a 
set .of  potential  accidents  with  probabilities  in  the  range  of  10  to 
10-4  per  year  and  'no-deaths'  plume  lengths  of  20  -  30  km,  for  most 
likely  weather,  and  200  -  300  km,  for  worst-case  weather;  potential 
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fatalities  exceed  400  for  average  conditions  and  approach 
50,000  for  extreme  conditions  (worst-case  weather  and  wind 
direction  over  peak  population  density) . 

o  For  on-site  disposal,  plant  operations  accidents  contribute  over  90 
percent  of  the  total  risk;  cn-site  transportation  accidents  are 
responsible  for  most  of  the  remainder.  Two-thirds  of  all  risk  is  due  to 
rockets,  with  the  remainder  resulting  from  the  disposal  of  mines.  The 
inadvertent  feeding  of  rockets  and  mines  to  the  dunnage  incinerator 
accounts  for  over  80  percent  of  the  total  risk  for  this  alternative; 
on-site  vehicle  accidents  and  earthquake-initiated  fire  in  the  demil 
building  during  the  processing  of  rockets  and  mines  account  for  nearly 
all  the  remainder  of  the  identified  risk.  Agent  ®  is  involved  in  most 
cf  the  risk;  mustard-related  accidents  are  negligible  for  plant 
operations  (whereas  mustard  dominates  for  storage-related  accidents 
because  a  much  larger  source  of  agant  is  available  for  release) . 

o  The  risk  due  to  national  and  regional  disposal,  as  measured  by 

expected  fatalities,  is  quite  lew  (less  than  ICj  )  and  arises  mostly 
from  on-site  transportation  accidents;  short-term  storage  and  handling 
accidents  also  make  a  significant  and  equivalent  contribution  to  risk 
Again,  approximately  90  percent  of  the  risk  is  GB-related,  with  rockets 
making  the  dominant  contribution;  bembs  are  responsible  for  most  of 
the  remainder  of  the  identified  risk.  The  scenarios  contributing  most 
risk  are  a  severe  on-site  vehicle  transporter  accident,  an  aircraft 
crash  into  the  holding  area  during  short-term  storage,  and  handling 
accident  leading  the  drop  and  detonation  of  a  palletized  rocket. 

3. 3. 2. 9  Transportation  Corridors  -  Regional  (Rail)  Alternatives.  Figure 

29  sumnrarizes,  in  pictogram  form  the  risk  measures  along  the  regional  (rail) 
transportation  corridors.  The  rail  corridors  from  LEAD,  PEA,  and  UMDA  pose  the 

highest  risk  in  terms  of  expected  fatalities.  For  these  three  corridors,  rockets 

are  responsible  for  well  over  half  of  the  risk.  For  the  other  corridors,  rockets 

are  responsible  for  well  over  half  of  tiv.  risk.  For  the  other  corridors 

(originating  from  APG,  NAAP,  and  PUDA) ,  the  risk  is  lower  primarily  because 
rockets  are  not  a  part  of  the  transported  stockpile.  The  risk-dominating  accident 
scenarios  are  severe  train  accidents  with  fire  of  long  enough  duration  to  cause 
failure  of  the  overpack  and  the  monitions  (either  by  burster  detonation  or  by 
thermal  rupture  of  bulk  containers) .  Tlie  applicable  scenario  (depends  on  whether 
the  transported  inventory  is  burstered  or  not)  accounts  for  at  least  95  percent  of 
the  risk  (greater  than  99  percent  for  three  sites)  in  all  corridors. 

The  most  severe  potential  accidents  are  those  in  the  LEAD, PEA,  and  UMDA 
corridors.  They  yield  worst-case  'no-death'  plume  lengths  in  the  range  of  15  to 
20  km  and  could  causa,  under  extreme  conditions,  1000  to  2000  potential  fatalities. 

3.3.2.10  Transportation  Corridors  -  National  (Rail)  Alternative.  The  risk 
picture  is  much  the  same  for  national  disposal  as  it  is  for  regional,  as  seen  in 
Figure  30.  Hie  major  difference  is  due  to  the  fact  that  the  ANAD  stockpile  is  now 
transported  to  TEAD  and,  because  of  the  size  and  composition  of  the  ANAD 
stockpile,  the  risk  in  the  ANAD  -  TEAD  corridor  dominates.  In  addition,  selected 
risk  parameters  for  APG,  LEAD,  and  PEA  are  higher  for  national  than  for  regional, 
primarily  because  of  thj  greater  travel  distance  for  these  stockpiles.  For  the 
ANAD  -  TEAD  corridor,  virtually  all  of  the  risk  is  associated  with  the  movement  of 
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energetic  munitions;  the  largest  contribution  to  risk  results  fran  the 
transporting  of  projectiles,  with  the  risk  due  to  rockets  not  far  behind. 

The  scenarios  contributing  the  most  risk  are  the  same  severe  rail  accidents, 
with  long-duration  fires,  that  control  risk  for  the  regional  corridors.  The 
highest-consequence  accident  for  the  ANAD  -  TEAD  corridor  is  expected  to  cause  a 
worst-case  "no-deaths"  plume  length  of  19  km  with  the  potential  for  over  6000 
fatalities. 

3.3.2.11  Transportation  Corridors  -  Partial  Relocation  Alternatives.  The 
risk  along  the  transportation  corridors  that  might  be  employed  during  the  partial 
relocation  disposal  alternative  is  depicted  in  Figure  17.  The  route  emanating 
from  LEAD  represents  significantly  higher  risk  than  those  originating  from  APG. 

The  water  mode  from  APG  to  JI  (Johnston  Island)  appears  to  pose  very  lew  risk  to 
the  public.  However,  it  should  be  noted  that  the  transportation  corridor 
accidents  for  this  mode  do  not  include  the  accident  scenarios  which  have  been 
identified  for  the  barge  (or  "lighter")  portion  of  the  trip  (from  a  dock  at  APG  to 
the  moored  LASH  vessel  in  the  bay)  nor  do  they  include  those  events  that  could 
happen  while  the  LASH  is  still  at  anchor.  Lastly,  between  the  two  aircraft 
options  (C5  vs  C141) ,  the  C141  contributions  the  lesser  risk  to  the  public. 

The  major  contributions  to  risk  along  the  two  corridors  are  discussed  briefly 
below: 

o  For  the  LEAD  -  TEAD  Corridor,  via  air  mode,  the  risk  (when  measured, 
as  before,  by  expected  fatalities)  associated  with  the  use  of  the  C5 
aircraft  is  nearly  a  factor  of  10  greater  than  for  the  Cl 41  aircraft. 

Far  both  aircraft  options,  90  percent  of  the  risk  results  from  the 
transport  of  rockets;  the  rest  is  due  to  projectiles.  Accidents 
involving  GB  constitute  over  80  percent  of  *he  total  corridor  risk  in 
both  cases.  Better  than  75  percent  of  the  risk  results  fran  a  severe 
potential  crash  on  an  aircraft  carrying  GB- filled  rockets;  the  accident 
would  be  of  sufficient  severity  as  to  rupture  both  the  shipping 
containers  and  the  munitions,  with  a  possible  fire.  These  high  risk 
accident  scenarios  also  represent  tiie  most  severe  consequences  as  well: 
worst-case  'no-deaths'  plume  lengths  of  64  aid  31  km  for  the  C5  and  C141 
options,  respectively,  with  maximum  potential  fatalities  of  73,000  and 
23,000  also  respectively. 

o  The  risk  along  the  APG  -  TEAD  Corridor,  via  air  node,  is  also  nearly 
a  factor  of  10  higher  for  the  C5  aircraft  option.  The  three  scenarios 
contributing  to  risk  in  this  corridor  all  involve  severe  air  crashes 
with  breach  of  the  shipping  container  and  the  agent  containers. 
Worst-case  plume  lengths  are  considerably  a  smaller  than  for 
the  LEAD  stockpile  — 5.2  and  2.3  km  for  the  C5  and  C141,  respectively; 
maximum  potential  fatalities  for  these  worst  cases  are  7500 
and  3500,  respectively. 

o  Along  the  APG  -  JI  Corridor,  via  water  mode,  all  identified  accidents 
have  both  low  probabilities  and  moderately  lev  consequences. 
Probabilities  are  all  in  the  range  of  lO^7  to  lO-""3,  and  worst  case 
plane  lengths  are  less  than  7.5  km  —  too  snail  to  reach  major 
population  groups. 


4.0  DISCISSION  OF  RESULTS 

4.1  Statistical  Significance  of  Differences  in  Risk 

The  probability  that  the  risk  (in  terns  of  expected  fatalities)  of  any 
progranroatic  alternative  exceeds  the  risk  of  any  other  alternative  is  shewn  in 
Table  7.  It  should  be  noted,  however,  that  a  number  of  uncertainties  were  not 
explicitly  considered  in  the  development  of  the  accident  scenario  data  base  used 
to  compute  these  results.  Therefore,  it  should  be  understood  that  the 
probabilities  shown  in  Table  7  overstate  the  certainty  of  risk  differences;  that 
is,  all  of  the  probabilities  should  be  somewhat  closer  to  50  percent.  More 
specifically,  probabilities  in  the  range  of  roughly  30  percent  to  70  percent  do 
not  substantiate  true  differences  in  risk,  while  probabilities  below  30  percent  or 
above  70  percent  do  indicate  the  likelihood  of  actual  differences  in  risk. 

The  main  conclusions  that  may  be  drawn  from  Table  7,  for  the  case  of 
unmitigated  risk,  are  the  following: 

o  Storage  for  25  years  is  the  riskiest  alternative; 

o  Partial  relocation  alternatives  involving  air  transport  are  next 
riskiest;  and 

o  National  (NAT)  and  regional  (REG)  relocation  by  rail,  and  on-site 
disposal  (CNS)  are  the  least  risky  alternatives.  Within  this  group, 
overall  risks  are  indistinguishable. 

4.2  Caveats  and  Limitations 

4.2.1  Frequency  and  Consequence  Screening 

The  accident  scenario  data  base  for  this  risk  analysis  was  screened  so  that 
only  those  accidents  with  a  potential  (under  worst-case  meteorology  for  causing 
fatalities  beyond  the  installation  boundaries  (assumed  to  be  0.5  km  for  all 
sites)  and  having  a  probability  of  occurring  during  the  course  of  the  CSDP  (or 
during  a  one-year  period,  in  the  case  of  continued  storage  activities)  of  at  least 
10  0  are  included. 

4.2.2  Potential  Fatality  Estimates  and  Site  Boundaries 

The  fatality  estimates  used  in  the  risk  analysis  were  carpeted  by  Oak  Ridge 
National  Laboratories  (OENL)  using  population  data  from  census  tracts.  (It  is  not 
possible  from  such  data  to  determine  the  precise  potential  health  effects  to  the 
gei*eral  population  located  outside  the  military  reservations,  personnel  within  the 
boundaries  of  the  reservations  should  not  be  considered. }  In  an  effort  to  exclude 
these  personnel  fran  consideration,  ORNL  set  all  fatality  rates  to  zero  for 
distances  of  up  to  0.5  km  fran  the  disposal  or  storage  site  where  accidents  may 
occur.  Thus,  no  fatalities  are  computed  for  Icw-consequence  accidents  for  which 
the  zero- fatalities  distance  does  not  exceed  0.5  km,  if  the  accidents  occur  within 
a  military  reservation. 

Using  0.5  km  as  a  cut-off  distance  for  fatality  computations  is  a 
conservative  approach;  i.e. ,  the  number  of  fatalities  may  be  overstated.  This  is 
because  the  actual  distances  fran  disposal  and  storage  sites  to  mili*aw 
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reservation  boundaries  range  fran  0.9  to  3.5  km.  Thus,  if  the  actual  boundaries 
had  been  used  to  carpute  the  number  of  fatalities,  the  value  of  'expected 
fatalities"  would  have  been  substantially  lower  in  a  number  of  cases.  The  most 
significant  reduction  (about  an  order  of  magnitude)  in  "expected  fatalities  would 
be  for  the  on-site  disposal  alternative  at  Anniston,  Aberdeen,  Pine  Bluff,  TOoele, 
and  Umatilla.  Hie  total  of  expected  fatalities  at  all  sites  for  the  on-site 
alternative  would  be  approximately  75  percent  lower. 
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APPENDIX  A 


GENERAL  APPROACH  TO  THE  RISK  ANALYSIS 


APPENDIX  A:  REFERENCE  DATA 


A.l  Introduction 

This  appendix  contains  data  that  is  representative  of  the  details  that 
underlie  the  risk  analysis.  Much  of  the  input  data,  including  the  accident 
scenario  data  base  and  the  D2PC  plume  dispersion  data,  have  been  presented 
elsewhere  in  this  report  or  in  external  documents  and  will  not  be  repeated  here. 
In  this  appendix,  we  will  present  those  additional  data  items  that  should  assist 
the  reader  who  wish  a  detailed  understanding  of  vhat  was  done  in  the  risk 
analysis.  In  particular,  the  following  data  are  presented: 

o  Definition  of  disposal  alternatives  in  terms  of  applicable  activities; 

o  Summary  descriptions  of  the  accident  scenarios; 

A.  2  Activity-Based  Definition  of  Disposal  Alternatives 


Table  A-l  illustrates  how  the  disposal  alternatives  are  defined,  for  the 
purpose  of  the  risk  analysis,  in  terms  of  the  applicable  activity  codes.  The 
single-letter  codes  used  in  Table  A-l  for  the  designation  of  disposal  alternatives 
and  sites  are  defined  in  section  3.1.1. 

The  entries  in  Table  A-l  indicate  which  activities  (that  is,  which  data  files 
from  the  accident  scenario  data  base)  carprise  the  set.  of  potential  accidents  for 
the  alternative. 

A.  3  Summary  Descriptions  of  Accident  Scenarios 


The  accident  scenario  data  includes  a  textual  description  of  each  of  the 
accident  scenarios.  The  scenarios  are  identified  by  the  activity  code  (first  2 
characters  of  the  scenario  ID  code  —  see  Table  A-2)  and  the  scenario  number.  For 
convenience,  the  scenario  descriptions  are  summarized  into  a  data  base  format. 

The  results  are  presented  in  Table  A-3.  To  facilitate  finding  a  particular 
scenario  description,  the  list  is  ordered  alphabetically  according  to  tlie  ID. 

With  only  two  exceptions,  the  scenario  descriptions  are  independent  of  munition 
and  agent  type.  Thus,  any  given  scenario  could  be  the  basis  for  as  many  as 
fourteen  separate  accidents,  each  one  representing  the  probability  and  release 
characteristics  of  one  of  the  applicable  munition-agent  combinations . 


SITE/ALTERNATIVE/IjOCAL  (SAXX)  Activity  Selection  File 
•  Originating  Site  Accidents  * 

ACTIVITY: 


******* 


**  ***  **  ***  ***** 
♦  * 

*  * 


******* 


**  ***  *  *  ***  ***** 


******* 


** 

*  *  * 

*  * 

*  *  * 

+  * 

*  *  * 

*  * 

*  *  * 

***** 

***** 


<«UJZS<3  <mo,Jzao  <SJ5EftO  <«UdZ*<S  <caudza<h3 

<  aa  u  z  o 


SITE//1LTERNATIVE/LOCAL  (SAXX)  Activity  Selection  File 
-  Originating  Site  Accidents  - 

ACTIVITY: 


■WWW 


TABLE  A-2 

ACCIDENT  SCENARIO  IDENTIFICATION  CODE 


Scenario  ID  la  of  the  fora:  XZTCVQnnn 
where:  XX  -  Activity  Code  V  -  Release  Mode  Coda 
T  ~  Munition  Code  Q  -  Special  Code 
Z  «*  Agent  Code  nnn  -  Scenario  Number  (See  App.  C) 

mmmizajmmiaa  Mraiiiw..wpE  m  arnamos 


AF/AL/AT:  Air  transportation 
(C5A)*  -•  in- 
Flight/Landing/Tafce - off 
BF/BL/BT:  Air  transportation 
(C141J* 

HA/HB:  Handling  associated  with 
air  nodes  (A  &  B) 

HF:  Handling  at  the  disposal 
facility 

80:  On-site  handling  away  from 
th-i  disposal  facility 
HR:  Handling  associated  with  rail 
.  node 

HS:  Handling  during  long- tern 
storage* 

8W:  Handling  associated  with 

water  node 

VB:  Water  transportation,  barge 
in  inland  waterways* 

VC:  Water  transportation,  LASH 
ship  in  coastal  waterways* 

VI:  Water  transportation,  LASH 
ship  in  inland  waterways* 

VS:  Weter  transportation,  LASH 
ship  on  the  open  seas* 

FO:  Plant  operations 
RN:  Rail  transportation,  National 
KR:  Rail  transportation,  Regional 
SL:  Long-term  storage 
8&/SA/SB/SW:  Temporary  storage 
associated  with 
transportation  by  rail, 
alr(mode  A),  air(aoda  B), 
water,  respectively 
VO/WWWVV:  On- si  to 

transportation  associated 
with  on-site,  rail,  *ir(A/B). 
end  water  disposal 
alternatives 


B:  Bombs 

C:  Cartridges  (105mm) 

D:  Mortar  Sheila  (4.2in)* 

K:  Bulk  ("ton")  containers 
M  Mines 

F:  Projectiles  (155mm) 

Q:  Projectiles  (8in)* 

R:  Rockets 
8:  Spray  tanks 
V:  Vet -eye  bombs* 

A:  All  munitions 

ACEHT  CODE  m  DEFINITION 

0:  Agent  CB  ("Sarin") 

H:  Agents  H,  HT,  HD  ("Mustard") 
V:  Agent  VX 
A:  All  agents 

RELEASS  MODS  CODS  (V), DEFINITION 

A:  Detonation 

C:  Complex  mode  (incl.  indoor 
releasee  affected  by  building 
systems)  or  a  combination  of 
simple  codes 

F:  Fire  (incomplete  combustion) 
8:  Spill  (leading  to  partial 
evaporation  • 


V:  Warehouse  Storage 

0:  Open  Storage 

«/8/9:  <0/80/09  ft.  Igloo 

*  Defined  for  the  June  '87  accident 
scenario  data  base. 
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1.0  IKTHODOCTIOU 


Tha  Department  of  Defense  was  directed  by  Congress  (Public  Law  99-145, 
Title  14,  Part  B,  Section  1412)  to  destroy  the  stockpile  of  lethal  unitary 
chemical  agents  a?.d  munitions  in  such  a  manner  as  “o  provide,  aaong  other 
precautions,  maximum  protection  to  the  general  public.  One  part  of  the 
Army's  effort  to  comply  with  this  directive  is  the  subject  of  this  paper. 


1.1  Background 


In  response  to  the  requirements  of  Public  Law  99-145,  in  March  1986 
the  Army  produced  a  concept  plan  for  destruction  of  the  lethal  chemical 
stockpile  by  1994  (U3ATHAMA,  1986).  The  plan  for  the  Chemical  Stockpile 
Disposal  Program  (CSDP)  presented  three  programmatic  alternatives: 

1.  On-site  destruction  of  the  chemical  stocks  at  their  present 
storage  locations. 

2.  Movement  of  the  Continental  United  States  (CONUS)  stocks  to  two 
regional  destruction  centers. 

3.  Collocation  of  all  CONUS  stocks  to  a  national  destruction  center. 

In  July  1986  a  Draft  Programmatic  Environmental  Impact  Statement  (DPEIS) 
was  issued,  followed  in  January  1988  by  a  Final  Programmatic  Environmental 
Impact  Statement  (FF2IS);  the  FPEIS  considerad  the  disposal  alternatives 
listed  above  and  two  additional  alternatives: 

4.  Relocation  of  the  stocks  froa  two  sites  by  air  to  alternative 
sites.  with  the  remainder  destroyed  at  their  present  storage 
locations . 

5.  Continued  storage  of  the  stocks  at  their  present  locations  (the 
no-action  alternative  required  by  the  National  Environmental 
Policy  Act). 

In  an  effort  to  comply  with  the  safety  directive  from  Congress, 
the  FPEIS  contains  estimates  of  risk  to  the  public  for  each  of  tha  five 
alternatives.  A  risk  analysis  was  performed,  in  support  of  the  FPEIS,  to 
quantify  the  public  risk  for  each  alternative.  While  performing  the  risk 
analysis  and  during  the  development  of  the  transportation  concept  plan  seme 
measures  to  reduce  risk  were  identified  and  incorporated  into  the  disposal 
plan.  The  safety  measure*  included  in  the  plan  since  the  DPEIS  are  listed 
in  Tabla  1-1.  The  risk  analysis  in  support  of  the  FPEIS  also  includes 
these  measures. 

After  the  completion  of  this  risk  analysis  a  further  study  was 
undertaken  to  identify  and  evaluate  additional  measures  for  reducing  the 


TABLE  1-1 

SAFETY  IMPROVEMENTS  ADDED  SINCE  THE  DPZIS* 


Handling  end  -grenaratlon  for  ShlSrsent 

•  Propellant  and  fuzes  removed  fro®  105-rnm  cartridges  and  4.2-ln 
nortar  projectiles. 

•  Valves  and  plugs  replaced  on  ton  containers  before  shipping. 

•  Use  of  on-slta  shipping  container  (or  protective  overpack)  for 
all  munition  handling  activities  in  the  disposal  plant  yard  and 
Munitions  Holding  Igloo  (eliminates  handling  bare  munitions  in 
the  disposal  plant  yard) . 

•  On-site  shipping  container  designed  to  be  handled  with  lifting 
beam;  reduces  probability  of  a  drop  by  a  factor  of  10  compared 
with  conventional  forklift  with  tines. 


•  Use  of  on-site  shipping  cor.tainei . 

•  Amount  of  fuel  in  trucks  limited  so  as  not  to  exceed  a  10-min  fire. 
(The  on-site  container  is  designed  to  provide  fire  resistance  for  a 
15-minute  all-engulfing  fire). 


QtlrSU* . Tg?n«aas£ 

•  Use  of  off-site  shipping  container  for  all  munitions  (rather  than 
just  thin-walled  munitions). 

•  Loading  munitions  into  the  off- site  package  at  the  igloo/storage 
area  apron  rather  than  tha  shipping  dock;  eliminates  the  transport 
of  bare  munitions  froa  the  storage  area  to  the  shipping  area  and 
handling  bare  munitions  at  the  chipping  area. 

•  For  air  transport  special  selection  of  aircraft  to  meet  highest 
standards  of  reliability;  procedures  would  be  developed  for  chem¬ 
ical  munition  transport  similar  to  chose  used  for  selecting  and 
maintaining  aircraft  for  transpe-tation  of  nuclear  weapons. 

•  Air  transport  limited  to  good  weather  conditions. 
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TABI£  l-l 

SAFETY  BCSOVEMEaCS  ADDED  SINCE  THE  D?2I3« 
(Concluded) 


Plant  Op^rstlcr.s 


•  Upgraded  tha  earthquake  survivability  of  the  toxic  cubicle;  specif¬ 
ically  tha  toxic  rooa,  agont  fnka,  and  piping  ara  being  redesigned 
to  mnet  tha  nsora  ntrlngent  Nuclear  Regulatory  Comniaelon  ''SRC) 

sol  sale  standards  [instead  of  the  Unifora  Building  Coda  (U5") ) . 

•  Radu««d  the  size  of  the  agent  storage  t*mks  ir.  the  toxic  cubicla; 
this  reduced  the  Inventory  of  egent  in  tie  plant. 

•  Increased  the  site  of  tha  sump  in  the  toxic  cubicle  to  contain  the 
inti.ro  contents  of  an  agent  storage  tank;  this  reduced  the  area  of 
the  puddle  and  hanca  reduced  tha  agent  evaporation  in  tha  event  the 
contents  of  tha  tank  are  spilled. 

a  Added  a  dry  choaical  firo  protection  system  in  tha  toxic  cubicle, 

•  Added  pressure  and  vacuum  relief  valves  to  egent  storage  tanka. 

•  Extend  tha  time  that  tha  uninterruptible  power  supply  cm  operate 
critical  plant  safety  syateRS  in  the  event  of  total  lo*a  of  com¬ 
mercial  and  emergency  power. 

•  Added  redundant  Induced  draft  fans  to  sll  furnace  systems. 

e  Redesigned  daaper  systems  on  agent  containing  fumaese  to  fall  in 
•fail  safe"  position  (instsad  of  manual  positioning). 

•  Enclosed  the  deactivation  furnace  system  cyclone  discharge  and 
added  agent  monitors  to  the  enclosure. 


•Measures  are  incorporated  in  the  risk  analysis  by  CA  Technologies  Inc. 
(U.S.  Aray  1987a,  1987b,  1987c). 


public  safety  risk  during  ths  course  of  tha  CSDP.  It  it  this  additional 
study  which  Is  described  In  tnc  present  paper. 

The  tors  "Kitigatlon"  as  ured  In  this  paper  Is  different  froa  tha 
dsfinlticn  norasliv  applied  to  it  In  nuclaar  risk  assesssents.  We  refer 
to  •olti&etlon*  es  t..e  reduction  er  oiiiriiuition  of  rlak  contributor#  (fre¬ 
quencies  ard/or  ag.-tnt  so.-rce  tarns),  whereas  in  the  nuclear  Industry  •Blit- 
1, latter"  r.prfrilly  refers  to  ths  reduction  of  the  effect#  f'os  radionuclide 
releases  er.ee  tho  event  occur*.  Therefore,  mitigation  seaeuree  proposed 
In  tha  atutly  v.trs  evaluated  for  tnelr  effect lvonoss  In  (l)  reducing  tho 
frequency  of  an  ecident  and  (2)  reducing  the  size  of  t.ia  accident. 

1  •  2  Over-Mcy  of  ths  Chemical  gtccknlla  Sisrotil  Frograa 

12.1  Pr  vs 

The  chemical  agent*  are  ator»d  in  three  type*  of  configurations : 

(1)  project  5  lea,  cartridge.*,  and.  rockate  containing  propollant  and/or 
oxploiivo  couronent a .  (2)  munition*  for  aircraft  delivery  that  do  not 
contain  expls-i woe ,  4r  i  (3)  bolk  agent  atored  in  ton  contelnera.  The 
chewier!  events  covered  by  r.hl*  program  are  the  persleter.t  nerve  agent  VX, 
the  nonpars!  act-nt  nnrva  agent  G3,  <?r.d  the  persletent  blleter  agents  known 
as  sustaxd* .  V:>*>  CONUS  stocVpile  1*  currently  stored  st  eight  Amy  instal¬ 

lation*  throughout  the  nation,  aa  shewn  in  Figure  l-l. 

1.2.2  ASIlxl.U  S\M2/Z£i&*AjLZiX  X  J  29  lllJz3ZXJi* 

The  activities  seaoclsted  vtth  the  disposal  program  alternatives 
include  ere-rage,  handling,  on-site  transport,  off-elte  treneport,  and  plant 
optrarlotin . 

SkriazA 

All  chemical  munltlon/agsr.t  storage  is  currently  Silntained  within 
s  choulcei  exclusion  »r«a  /. t  *.»ch  Installation.  Extensive  security  pre- 
cs'itloru  ere  \'S*A  to  detor  entry  to  these  storage  areas.  Currenc  storage 
operations  will  con? 'roe  until  the  stockpile  Is  cospletely  deetroyed.  For 
purpoa# *  of  the  risk  analysis  In  support  of  the  FYZIS  the  Continued  Storage 
(no -actio?-.)  alternat've  was  asaur.vid  to  continue  for  25  years. 

Munitions  containing  explosive*  ere  stored  in  Igloo  Magazines  specif¬ 
ically  decigivsd  for  tl>«  n?or*ge  of  tuviu.nl t i on  and  explosives.  The  igloos 
ate  i  onstr.fr  tod  of  reinfutced  emerr  «,  have  a~**l  doors,  ere  covered  with 
eorch,  end  hove  lightning  protect!. or.  All  C3-filJed  and  most  ^X-filled 
w.iiilt ion*  without  e>-plo*l-.-**  and  hulk  ccntalners  are  r.lso  stored  In  Ig.ooe. 
The  arcopt lon.i  "re  VX  ton  contain* '3  at.  Newport  Aiey  Awnniitlon  Depot 
(NAAV)  »nd  VX  spray  tanks  .sc  Tooele  Army  Depot  (T2A0)  which  are  stored  in 
warehouse.*:.  Ton  containers  of  mustard  ere  stored  It*  warehouses  at  Daretllla 
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D«pot  Activity  (L’ttDA) ;  In  outdoor  storage  yards  at  Aberdeen  Proving  Ground 
(AJ?G) ,  Pin*  31uff  Arsenal  (P£A),  and  TEAD;  and  in  igloos  at  Annis  ton  Aray 
Depot  (ANAD) . 

Th«  aunltlons  are  aor.itoxcd  routinely  and  are  periodically  naintoined. 
Moving  and/or  rastacklng  of  Runitioirs  la  involved  in  routine  inspection  and 
maintenance  activities.  The  total  inventory  at  an  Installation  is  handled 
on  the  averaga  over  approti’«itely  a  five-year  period. 


All  chcadcal  slants  in  the  stockpile  are  at  leaat  19  yearn  old,  and 
•onto  are  more  that  dO  years  old.  Soao  of  tha  munitions  have  started  to 
leak.  The  KS5  rocket*  in  a  few  lots  (about  tvo  percent  of  the  GB-filled 
rockets)  have  exhibited  the  greatest  incidence  of  leakage,  while  the 
remaining  smnititna  and  containers  have  relatively  few  leakers.  As  leakers 
are  discovered,  they  are  placed  in  protective  overpacks  to  prevent  agent 
leakage  to  the  environment.  Further  protective  measured  are  taken  as 
appropriate.  A  drill  and  transfer  system  has  been  used  to  drain  agent  from 
soma  leaking  munitions  to  a  hulk  container,  followed  by  decontamination  of 
the  munition  body. 

VuAllJM^RLI^r&axii 

Disposal  of  the  chemical  stockpile  will  require  the  moveaent  of  muni¬ 
tions  and  containers  fro*  the  storage  are*  to  the  headend  of  tho  disposal 
process  and  involve  a  rusber  of  handling  stop*,  as  illustrated  in  Flgurw 
1-2.  Tho  descriptions  given  below  represent  the  moveaonta  and  procedures 
used  in  the  risk  analysis  and  are  in  tho  process  of  being  revised. 


For  on-site  disposal  a  pallet  of  munitions  or  bulk  container  is 
removed  from  storage  and  pi -cad  Into  an  on-site  transportation  package 
using  a  forklift.  Packing  operations  occur  on  or  adjacent  to  the  igloo 
apron  or  storage  area.  The  shipping  package  is  designed  to  provide  tha 
munitions  with  protection  fro »  collision  and  firs.  Tho  package  is  leaded 
on  a  flat-bed  truck  and  transported  to  a  Munitions  Handling  Igloo  (Mill)  at 
the  disposal  fucili*-/.  Tvo  exceptions  ora  the  TXU-28/3  spray  tanks  and  the 
UK- 116  Veteye  bomba  which  ara  transported  directly  in  the  protective  steel 
overpac.ka  In  which  they  arc  stored.  The  munition  truck  la  accompanied  by 
two  security  trucks,  an  carer coney  vehicle,  and  decontamination  vehicle. 

Tho  convoy  speed  is  Ursit»d  to  2'1  srph  tr«.:ireuw  and  the  ajourt  of  fuel  ir. 
trucks  is  11m* tod  oo  as  not  to  oxcefd  *  ten-  minute  fire.  Upctt  arrival  at 
the  disposal  futility  the  poclceges  are  unloaded  f row  tb«  truck  and  ttoved 
into  tha  MHI  for  temporary  ator.rqo.  Later  tha  package  is  carried  to  the 
Munitions  Demilitarization  Buildi-.g  (MLB)  with  a  fotklift,  placed  on  an 
elevator,  removed  *"rc'.«  the  olsvator,  and  ocved  to  the  unpacking  arse,  where 
tho  pallatized  avritions  arc  removed  from  from  ths  transport  package. 

For  regional  and  national  disposal  cr  partial  rslocatlon  altnrnatlves 
the  off-sito  tranaporcatiur.  package  i-  used.  Tula  package  It  larger  than 
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the  on-site  package.  Palletized  munitions  or  bulk  items  are  loaded  into 
the  package  at  the  igloo  or  storage  area.  The  package  is  moved  by  truck  to 
an  open  holding  area  and  unloaded  using  standard  cargo  handling  equipment. 
From  there  the  packages  are  loaded  on  the  off- site  transporter  (rail  car  or 
plane)  and  transported  to  the  destination  site.  At  the  receiving  site  the 
package  is  unloaded,  placed  in  rn  open  holding  area  temporarily  and  then 
transported  by  truck  to  the  storage  area.  The  munitions  are  removed  from 
the  off-sitc  package  and  placed  in  a  storage  facility  (e.g.,  igloo).  When 
the  disposal  plant  is  ready  the  munitions  are  removed  from  atorago  and 
placed  in  an  on-site  transportation  package  for  movement  to  the  disposal 
facility.  Handling  :nd  movement  to  the  MKI  and  KDB  are  performed  as 
described  above  for  -n-site  disposal. 

PlSP-gMl 

The  risk  analysis  i3  based  on  the  "Baseline"  demilitarization  process, 
which  involves  mechanical  separation  of  explosive  components  and  draining 
agent  followed  by  incineration  end/or  decontamination  of  the  components. 

The  KDB,  in  which  the  process  is  performed,  is  designed  for  the  confinement 
of  agent.  The  building  is  under  negative  pressure  and  zoned  with  air  flow 
from  areas  of  no  or  low  cont.an* nation  to  higher  contamination.  The  build¬ 
ing  ventilation  exhaust  Is  treated  with  charcoal  filters  to  remove  agent 
before  release.  The  stack  and  building  ventilation  exhaust  are  monitored, 
for  agent  as  wall  as  the  building  work  areas.  The  steps  involved  in  the 
destruction  process  are  described  below.  . 

Explosively  configured  munitions  are  separated  and  drained  in  special 
explosion  containment  rooms.  Rockets  are  sheared  to  separate  propellant 
and  explosive  components,  drained,  and  fed  to  a  deactivation  furnace.  M23 
mines  are  punched  and  drained;  the  explosive  components  are  punched  out  and 
fed  with  the  empty  mines  to  the  deactivation  furnace.  The  explosives  are 
removed  from  the  ocher  burstered  munitions  by  a  machine,  sheared,  and  fed 
to  the  deactivation  furnace;  the  munitions  are  drained  and  fed  to  the  metal 
parts  furnace.  In  all  cases,  the  drained  agent  Is  fed  to  a  storage  tank 
prior  to  incineration. 

Bulk  items,  which  have  no  explosives,  ore  punched  and  drained.  The 
agent  is  fed  to  a  storage  tank  and  the  empty  bulk  container  Is  then  con¬ 
voyed  to  the  metal  parts  furnace. 

The  Army  has  selected  incineration  as  the  best  tachnolocy  for 
destroying  chemical  agents.  Incineration  has  been  endorsed  by  the  Katicna'. 
Academy  of  Science  as  the  method  of  choice  for  destroying  chemical  agents 
(National  Research  Council,  1924).  Four  types  of  furnace  systems  are  uai-.d 
in  the  process.  The  agent  drained  from  the  munitions  is  destroyed  in  the 
liquid  incinerator.  The  doactivetion  furnace  Is  used  to  destroy  explosives 
and  propellants  and  to  decontaminate  certain  munition  hardware.  The  tv>tal 
parts  furnace  burns  out  agent  residues  and  detoxifies  projtcti 5.j  >>rd  mortar 
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shells  and  bulk  Item  containers.  The  dunnage  incinerator  treats  other 
combustibles  (wooden  dunnage .  packing  material,  spent  charcoal  filters, 
etc.).  The  furnace  systems  and  associated  feed  sy4*tec,3  for  toxic  mata~ 
rials  are  located  in  special  confinement  cubicles  and  operated  remotely. 
The  deactivation  furnace  is  housed  in  a  blast  containment  room  and  is 
equipped  with  blast  gate  valves  and  blast  attenuating  duct,  on  the  exhaust. 

Each  furnace  has  its  own  pollution  abatement  system  to  remove  acid 
gases  and  particulates.  Liquid  wastes  are  processea  to  dry  solids  and 
packaged  for  appropriate  disposal.  Spent  decontamination  and  suspect 
liquid  wastes  are  incinerated.  There  is  no  liquid  effluent  from  the 
process.  Combustible  wastes  are  incinerated. 
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2.C  Sf.LUCT'ICN  0?  ACCIDLETS  70?  IUTICAYI0K  STUDY 


Public  safety  risks  ara  defined  in  terms  of  tvo  factors:  (1)  the 
probability  or  liks.lib.cod  that  public  safety  will  be  threatened;  and  (2) 
the  .impact  or  consequences  that  could  result-  from  that  threat.  The  public 
safety  risks  of  the  CSDP  alternatives  wore  evaluated  in  the  risk  analysis 
by:  (1)  identifying  potential  accidents  that  could  result  in  release  of 
chemical  agents  to  the  environment;  (2)  estimating  the  likelihood  of  such 
accidents;  and  (3)  estimating  the  severity  of  tha  potential  accidents  in 
terms  of  the  quantity  of  agent  released  and  the  distance  a  cloud  or  plvirae 
of  agent  could  travel  with  lethal  consequences.  The  accident  scenarios 
identified  in  the  risk  analysis  vert  screened  to  remove  from  consideration 
events  with  a  very  lew  probability  of  occurrence  or  whose  consequences 
would  have  a  minor  effect  on  public  health.  Accidents  scenarios  which 
exceeded  the  screening  factors  were  analysed  for  possible  mitigation 
measures. 


2 . 1  Bi£js_Efsj3 c£!s£e£a 

2.1.1  aa&afcmsis* 


m 


The  risk  analysis  in  support  of  the  FPEIS  was  based  on  a  quantitative 
hazard  analysis  of  events  that  would  lead  to  agent  release  to  ths  envi¬ 
ronment  (GA  Technologies,  1987).  In  this  study,  numeric  estimates  of  the 
probabilities  of  such  accidents  occurring  were  made  by  combining  the 
probabilities  of  the  events  that  comprise  each  accident  scenario.  The 
probabilities  were  given  in  terras  of  events  per  unit  time,  per  storage 
unit-year,  or  per  mile. 


The  GA  Technologies'  data  was  converted  to  a  munition-per- stockpile 
basis  by  utilizing  information  on  tha  classified  inventory  for  -jech  site. 
Finally,  the  total  (programmatic)  probability  of  an  accident  scenario  was 
determined  by  combining  the  probabilities  for  each  of  the  munitions  at  each 
of  tha  sites. 


The  probability  ostlract.es,  while  wade  on  the  basis  of  sound  engi¬ 
neering  data  and  principles,  are  not  precise  values.  The  data  bases  for 
calculating  probabilities  are  limited. 


2.1.2  Consequences 


The  consequences  of  an  accident  ara  portly  a  function  of  the  site  of 
tha  impacted  area.  The  rick  analysis  utilized  a  Gaussian-plume  dispersion 
model,  D2FC,  developed  by  the  Army  to  predict  the  areas  affected  oy 
releases  of  agent  (Whitacro  at  si.,  1986).  For  screening  purposes  in  the 
present  .study  the  severity  of  ear’i  potential  accident  was  estimated,  using 
the  D2I'C  model,  of  the  maximum  downwind  distance  a  cloud  or  plume  of  agent 
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could  travel  with  lethal  consequences.  This  is  called  the  "no  deaths" 
distance  in  the  Model,  defined  as  tho  maximum  distance  downwind  to  the 
location  where  the  "dosage"  no  longer  causes  deaths  to  the  affected  popu¬ 
lation.  It  indicates  how  far  from  a  potential  accident  site  an  individual 
or  population  group  should  be  to  avoid  any  potentially  lethal  exposure  to 
agent.  This  measure  takes  account  of  the  quantity  of  agent  released  to  the 
environment,  the  mechanism  for  dispersing  the  released  agent,  and  the  ton¬ 
icities  of  the  different  agents.  In  this  study  we  use  the  torm  "maximum 
hazard  distance"  for  the  no -deaths  distance  under  "worst-case*  weather 
conditions:  Pasquiil  stability  E  and  1  m/sec  wind  velocity. 

The  transport  and  diffusion  portion  of  the  D2PC  model  has  certain 
shortcomings  which  affect  the  results  at  large  distances.  At  large  dis¬ 
tances  the  Gaussian-plume  model  overestimates  the  concentrations  or,  in  the 
case  of  the  D2FC  model,  overestimates  the  hazard  distances.  All  meteoro¬ 
logical  conditions,  including  wind  direction,  are  constant  within  any  D2PC 
run.  In  actuality,  such  conditions  change  with  both  time  and  distance.  A 
change  in  wind  direction  can  greatly  reduce  the  maximum  downwind  agent 
concentration  at  a  specified  distance.  Thus,  for  accidents  where  a  large 
hazard  distance  iu  predicted,  the  results  should  be  regarded  as  only  a 
relative  indicator. 


The  risk  analysis  data  base  was  screened  using  the  factors  presented 
in  Table  2-1.  The  action  levels  for  mitigation  study  are  a  probability  of 
10"®  or  greater  events  per  stockpile  for  on-site  accidents  which  release 
enough  agent  that  members  of  the  general  public  might  bo  exposed  to  lethal 
concentrations  under  "worst  case"  weather  conditions.  The  requirement  that 
the  general  public  be  exposed  implies  that  the  downwind  distance  to  the  "no 
deaths"  dosage  exceeds  t’na  sice  boundary  distance.  For  purposes  of  screen¬ 
ing  a  distance  of  0.5  km  was  used  from  the  source  for  on-site  accidents  (at 
no  site  is  tho  distance  from  the  disposal  site  to  the  boundary  of  the  mili¬ 
tary  reservation  less  than  0.5;  at  most  installations  it  is  1  to  2  km). 

For  transportation  accident  scenarios  which  occur  off-site  the  screening 
factor  is  a  frequency  greater  than.  10*®  events  per  stockpile  and  any 
rele«cs  of  agent,  since  tho  accident  could  occur  at  any  public  area  along 
the  transportation  route. 

The  probabilities  used  for  screening  are  the  sum  of  the  probabilities 
over  all  agent/munition  types  and  all  sites  to  which  the  accident  scenario 
applies  which  have  a  maximum  hazard  distance  exceeding  0.5  km.  For  any 
given  accident  scenario  the  consequences  will  vary  according  to  the  type 
of  munition  or  agent  involved.  The  probability  used  for  screening  is  the 
likelihood  that  the  accident  might  occur,  not  tha  probability  that  worst- 
case  consequences  would  occur.  For  storage  the  probabilities  are  per 
stockpile  year  and  the  risks  recur  year  after  year  until  the  stockpile  is 
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TABLE  ?.-i 

factors  for  screening  to  identify  accidents 

FCR  MITIGATION  ANALYSIS 


Activity 

Screening  Factors 

Storage® 

Probability  >10'®  events  per  storage 
year  and  a  ’no-deaths,  worst  case' 
hazard  distance  >0.5  km*5 

Handling,  on-site  transport, 
demilitarization 

Probability  >10* 8  events  per  stockpile 
and  a  'no-deaths,  worst  C3se'  hazard 
distance  >0.3  ka 

Off- site  transport 

Probability  >10'®  events  per  stockpile 
and  any  release  of  agent  if  accident 
occurs  off-site 

“Includes  handling  related  to  leakers  during  storage. 

^Hazard  distance  calculated  with  the  D2PC  model;  "worst-case" 
meteorology  (E  stability,  1  m/sec) . 


destroyed.  For  disposal  activities  the  probabilities  are  for  the  one-time 
disposal  of  the  entire  stockpile  based  cn  the  three  year  disposal  schedule 
in  the  Chemical  Stockpile  Disposal  Concept  Plan  (UGATHAMA,  1986). 

The  accident  scenarios  selected  for  risk  mitigation  study  by 
application  of  the  screening  factors  are  presented  ir.  Table  2-2. 
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TABLE  2-2 

ACCIDENT  SCENARIOS  SELECTED  FOR  RISK  MITIGATION 


Storage  Accident  gcenaxtoa 

1.  A  small  or  large  aircraft  crash  on,  or  adjacent  to,  munition  storage 
or  holding  area  leads  to  a  fire. 

2.  A  small  or  large  aircraft  crash  cn,  or  adjacent  to,  munition  storage 
or  holding  area  without  fire  (detonation  may  occur). 

3.  Earthquake  leads  to  a  spill. 

4.  Earthquake  leads  to  a  detonation. 

5.  Earthquake  leads  to  a  warehouse  fire. 

6.  Meteorite  strikes  with  a  fire/detonation. 

7.  Munition  dropped  during  leaker  isolation  leads  to  a  spill  or  a 
detonation. 

1.  Drcppad  munition  or  container  results  in  a  spill. 

2.  Forklift  collision  results  in  a  spill. 

3.  Forklift  collision  results  in  a  spill  with  a  iire. 

4.  Forklift  tines  puncture  munition. 

5.  Dropped  munition  or  container  results  in  detonation. 

6.  Collision  results  in  a  detonation. 

On-Site  Transport  Accident  Sc enarjq? 

1.  Vehicle  accident  or  earthquake  crushes  or  punctures  munition,  resulting 
in  a  spill. 

2.  Vehicle  accident  with  fire  end/or  detonation. 
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1.  Direct  or  indirect  aircraft  crash  with  or  without  fire. 

2a.  Earthquake  damages  KDB;  munitions  fall,  fire  starts;  munitions 
punctured  and  fire  suppressed. 

2b.  Earthquake  damages  KD3;  munitions  fall,  fire  starts;  munitions 
punctured  and  fire  suppression  fails. 

2c.  Earthquake  damages  KDB;  munitions  fall,  fire  starts;  munitions 
intact  and  fire  suppression  fails. 

2d.  Earthquake  does  not  damage  KDB;  munitions  fall,  fire  starts,  and 
fire  suppression  fails. 

3.  Metal  parts  furnace  explosion  due  to  fuel  shutoff  failure. 

4a.  Munition  falls  from  ECV  conveyor  and  detonates;  no  fire  occurs. 

4b.  Munition  falls  from  ECV  conveyer  er.d  detonatas;  fire  starts. 

5s.  Munition  detonation  fails  EC?,  er.d  iTentilation  system. 

5b.  Munition  detonation  fails  ECE  and  ventilation  system;  fire  starts. 

3.  Burstered  mnition  fed  to  dunnage  incinerator. 
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3.0  MITIGATION  MEASURES  CONSIDERED 


The  mitigation  measures  that  were  considered  feasible  for  accidents 
involved  in  storage,  handling,  on-site  and  off-site  transportation,  and 
plant  operations  are  discussed  below.  A  brief  description  of  each  is 
given,  together  with  comments  about  its  practicability  and  expected  ben¬ 
efits.  The  action  the  Army  proposes  to  take  with  regard  to  the  mitigation 
measures  is  given  at  the  end  of  each  section. 

3 . 1  Mitigation  of  Storage  Risk? 

Seven  types  of  storage  accident  scenarioo  were  identified  as  accidents 
which  should  be  studied  to  determine  if  mitigation  measures  could  be 
applied.  Of  these,  six  are  externally-caused  accidents  and  one  is  caused 
by  worker  error.  The  accidents  with  the  most  3ericu3  consequences  are 
those  involving  a  fire,  which  causo3  the  evaporation  of  large  amounts  of 
agent.  Potentially,  the  most  serious  consequences  could  result  at  NAAP  and 
UMDA  where  ton  containers  of  VX  and  mustard,  respectively,  are  stored  in 
warehouses . 

Four  measures  were  considered  for  mitigation  of  mo3t  of  the 
externally-caused  accidents:  (1)  restricting  air  space,  (2)  installing  a 
warehouse  fire  suppression  system,  (3)  moving  agent  not  in  igloos  into 
igloos,  and  (A)  deenergising  the  warehouse  electrical  system.  One  measure 
was  considered  for  mitigation  of  the  accident  caused  by  worker  error: 
securing  the  lift  truck  load.  No  mitigation  measures  were  identified 
for  earthquake -caused  accidents  resulting  in  a  spill  or  a  detonation. 

Table  3-1  provides  a  summery  of  storage  accident  scenarios  and  mitigation 
measures . 

3.1.1  _ Restrict  Air  Space 

Establishing  air  space  restrictions  for  civilian  and  military  aircraft 
could  substantially  reduce  the  expected  frequency  of  an  aircraft  crash  on 
storage  areas.  Studies  would  have  to  be  conducted  to  determine  the  extent 
of  the  exclusion  area  required  and  the  disruption  of  air  traffic  that  would 
result  at  each  site.  These  would  require  considerable  time  and  effort  but 
a  good  case  might  be  mode  for  such  restrictions  at  some  sites.  The  Depart¬ 
ment  of  Defense  could  restrict  military  aircraft  if  it  were  determined  that 
military  operations  would  not  be  seriously  affected.  To  obtain  restric¬ 
tions  on  civilian  aircraft,  the  Army  would  have  to  file  a  proposal  with  the 
local  FAA  regions?  office.  After  the  Ar.ry  rnd  the  regional  office  agreed 
on  the  conditions  to  be  applied,  the  proposal  would  follow  the  public 
notice  procedure  process,  including  publication  in  the  Federal  Register 
and  a  waiting  period  for  public  comments.  If  no  problems  were  raised  the 
process  could  take  from  6  months  to  a  year.  The  cost  of  the  study  would 
probably  not  exceed  $200,000  per  site.  The  cost  of  disrupting  commercial 
and  general  aviation  is  r,nt  known  at  this  time. 
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TAB IE  3-1 

SUMMARY  OF  STORAGE  ACCIDENT  SCENARIOS  AND  MITIGATION  MEASURES 


Using  the  flight  data  for  the  Newport  slta  ea  the  basis  of  the 
estimate,  the  expected  frequency  of  the  aircraft  crashes  at  NM?  would  be 
reduced  by  92  percent  if  the  restriction  were  applied  to  a  50-nil*  distance 
from  the  site.  The  reduction  in  the  probabilities  of  the  aircraft  cra-sh 
accidents  shown  in  Table  3-1  would  result  if  a  reduction  similar  to  the 
NAAP  reduction  were  possible  at  all  eight  CONUS  *ltes.  The  greatest  reduc¬ 
tion  In  the  probability  of  such  an  accident  would  result  if  military  air¬ 
craft  were  restricted  at  APG. 

3.1.2  Mitigation  Measure : Sanull  $WQX3iitS!W. S/ASAS 

Although  fire-fighting  equipment  and  crews  are  available  at  each  aite, 
a  warehouse  fire  caused  by  an  aircraft  crash,  earthquake,  or  meteorite 
could  get  out  of  control  before  the  fire  crew  arrived  on  the  scene.  There¬ 
fore,  the  installation  of  a  fire  suppression  sysrea  for  containing  the  fire 
until  the  fire  protection  unit  arrived  was  considered. 

A  system  automatically  actuated  by  detection  devices  could  be 
installed  in  the  chemical  agent  storage  warehouses  at  KAAF,  UKDA,  and  TEAD. 
The  system  would  be  designed  to  drench  the  agent  container*  with  water. 

Tha  water  delivery  system  should  be  located  far  enough  from  the  wtrahou.ee 
to  preclude  its  destruction  if  an  aircraft  hit  the  warehouse.  Several 
parallel  distribution  aysteras  would  assure  the  operation  of  the  remaining 
sections  if  one  of  them  were  damaged.  Excess- flow  valves  in  distribution 
lines  would  shut  off  flow  to  a  ruptured  section ,  preventing  loss  of  pres¬ 
sure  throughout  the  system.  Such  a  system  could  probably  be  installed  In  a 
warehouse  for  about  $500,000. 

A  fire  suppression  system  might  not  control  fires  in  all  cases  of 
aircraft  crashes,  but  could  mitigate  the  consequences  tf  some  fires,  espe¬ 
cially  those  caused  by  small  aircraft.  The  redundancy  in  the  distribution 
lines  should  permit  the  system  to  operate  successfully  in  the  event  of  an 
earthquake  or  meteorite  strike.  It  was  estimated  that,  in  the  event  of  a 
direct  crash  by  a  small  plana,  en  indirect  crash  by  a  lev j,e  plane,  an 
earthquake,  or  meteorite  strik«?«4.he  fire  suppression  system  would  reduce 
the  amount  of  agent  release  by  about  99  percent.  This  would  result  In  a 
substantial  reduction  in  the  maximum  hazard  distance,  as  indicated  In 
Table  3*1.  No  credit  was  taken  for  the  benefit  in  mitigating  the  accident 
scenarios  involving  tha  direct  crash  of  a  large  aircraft  on  a  warehouse. 

Hardened  storage  magazines  (i.e.,  igloos)  arc  not  designed  to 
withstand  all  external  events  but  against  snail  aircraft  crashes  they  are 
expected  to  be  effective.  Since  aginr  stored  in  warehouses  or  outdoors  is 
vulnerable  to  small  aircraft,  accidents  resulting  from  small  aircraft  could 
be  mitigated  by  moving  the  agent  to  Igloos.  Over  200  igloos  would  be 
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required  to  store  all  the  inventory*  nov  !n  warehouses  (at  NAAP,  UJfOA,  and 
7EA0)  end  outdoor*  (APG,  P2<» ,  and  f£.'0)  at  £  cost  of  over  $‘50  million.  The 
cost  of  construct  ir.£  igloo;  only  for  the  stocks  now  In  warehouses  would 
probably  exceed  $20  aillien:  this  option  could  l>«  considered  because  agent 
concent  rated  in  a  warehouse  is  core  vulnerable  than  in  open  storugo. 

Movi.-;,  tV>  rj.er.t  into  the  raw  igleos  Is  r.ot  without  risk  bectuso  of  the 
extans  tvs  handling  required. 

Moving  agent  Into  i&lco*  effectively  raducta  the  probability  of  agent 
re lasso  fsvm  a  avail  aircraft  crash  to  a  ncn-credibia  event.  Assuming  the 
th tear  of  large  ai tern ft  crashes  would  remain,  the  overall  probability  of 
the  accident  s;e ratio  in  which  an  aircraft  crash  cause*  a  five  is  reduced 
by  about  one  order  of  magnitude,  as  shown  in  Table  3*1.  The  added  risks 
incurred  with  handling  and  trrnsportation  while  transferring  these  stock « 
to  the  igloos  have  not  been  quantified. 

3.1.4 

The  agent  warehouses  at  NAAP,  ilMDA ,  end  T£AD  contain  electrical  sys¬ 
tems  inside  and  security  lighting  mounted  on  the  exterior.  In  the  event 
of  an  earthquake,  deterged  power  liras  could  provide  an  Ignlticn  source  for 
a  fire.  Deenergising  the  electrical  system  would  rceove  a  major  ignition 
eourca,  thus  dor.rea sing  the  probability  of  a  fire.  This  coulJ  be  done  by 
disconnecting  the  electrics!  lead*  at  all  tima*  except  when  personnel  are 
working  in  tne  building.  A  n*w  security  lighting  system  located  ewjy  f tea 
the  building  would  have  to  be  provided.  Another  method  would  nc  to  Install 
a  seismic  »rnm.r  which  would  open  a  circuit  breaker  in  the  pcw*r  line  In 
th*  event  of  an  earthquake .  Th#  sensor  could  be  tot  to  actuate  the  circuit, 
breaker  if  ground  acceleration  exceeded  th#  design  criteria  for  the  ware* 
novae  (in  the  rang-  of  0.07  to  0  14  g). 

Vbllo  the  exlateve  of  some  unidentified  Ignition  source  cannot  he 
ru’ed  out,  it  is  reasonable  to  to  expect  that  elimination  of  pw’r  durtng 
an  earthquake  would  reduce  th*  probability  of  a  fire  by  98  percent. 

3  •  i  ■  $  Klu!x.*i  lata  JlfdAiLrx.;. _$.«.■  ita-llli  fZzir,.Gj£*A 

Munitions  ,'n  storage  r.r«*  moved  by  lift  truck  when  checking  for  leakers 
or  performing  sab/truno).  If  a  munition  or  contalnar  la  dropped  It  tn.iy 
rupture  or,  in  tho  cfc>*:»  of  a  ourstereJ  munition,  a  detonation  could  occur. 
The  priori*)  lity  of  dro'^in.j  a  munition  cculd  be  reduced  If  the  life  trucks 
ware  a  quitted  with  mechanical  devlcca  to  pie  'one  munitions  or  pallets  of 
run! f:nt»  being  dropped. 

Mfr  truck  a  used  for  palleted  nuniti'iis  could  be  provided  with  a  heavy 
rril  wh/«**,  would  surround  the  pellet  on  three  sides  and  prevent  it  from 
dropping  off  the  lift  during  movement  >>r  collision.  A  U-shsp«J  rail 
pivoted  at  oath  end  would  be  lifted  out  of  thu  wr.y  when  the  tines  were 
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b«ing  placed  under  the  pallet  prior  to  lifting.  The  lifting  device  used  to 
bovc  ton  container#  ia  equipped  with  a  horizontal  lifting  beam  with  clamps 
at  each  end  which  grip  the  chimes  at  each  end  of  the  container.  The  device 
could  be  equipped  with  cables,  attached  at  one  end  to  the  top  of  the  boom 
and  clamped  at  the  other  end  to  the  chimes  of  the  ton  container.  Such  a 
device  would  provide  a  measure  of  redundancy,  thus  reducing  the  likelihood 
of  a  ton  container  falling  to  the  ground.  The  total  cost  of  these  devices 
ic  expected  not  to  exceed  $900,000. 

This  mitigation  measure  va3  estimated  to  reduce  the  probability  of  a 
spill  or  detonation  due  to  a  drop  by  98  percent.  However,  the  operators 
are  likely  to  find  them  a  nuisance  and  enforcing  their  use  is  likely  to  be 
difficult.  Malfunction  or  careless  use  of  the  devices  could  increase 
injuries  to  workers. 

3.1.6  Propped  Action 

The  most  promising  and  cost-effective  measure  for  mitigating  air  crash 
accidents  appears  to  be  restricting  air  space  in  the  vicinity  of  tha  stor¬ 
age  areas.  Although  the  Army  cannot  commit  to  air  space  restrictions  at 
this  time,  a  study  could  be  undertaken  to  determine  whether  such  raatr lo¬ 
tions  can  and  should  be  Implemented.  The  most  promising  sites  for  such 
restrictions  are  NA,'.P,  tMDA,  TEAD  (because  these  sites  have  warehouses), 
and  APC  (because  this  sice  has  the  highest  potential  for  sn  air  crash). 

The  most  effective  measure  for  mitigating  an  earthquake- caused  ware¬ 
house  fire,  which  ia  the  storage  accident  with  the  greatest  risk,  is' to 
deenergize  the  electrical  system.  The  Army  plans  to  implement  this  miti¬ 
gation  measure. 

The  Army  does  not  plan  to  design  devices  for  providing  r*dur.U*nt 
protection  against  dropping  during  handling.  It  Is  uncertain  whether  a 
workable  device  for  securing  munitions  could  be  devised,  teetod,  mid  manu¬ 
factured  before  the  destruction  cf  stored  munitions  commences.  There  are  . 
also  uncertainties  about  worker  acceptance  of  such  a  device. 

3.2  1 

Six  handling  accident  scenarios  were  identified  us  accidents  which 
should  be  studied  to  determine  if  mitigation  measures  cculu  be  applied. 

Four  are  accidents  in  which  munition  agent  compartment*  are  broached  and 
agent  is  spilled.  In  addition  to  the  spilled  agent,  one  of  the  accidents 
involves  a  fire.  Two  accidents  involve  detonations  of  burstored  munitions. 

Five  measures  were  considered  for  mitigation  of  accident*  involving 
agent  spills:  (1)  securing  the  lift  truck  load,  (2)  installing  grating 
over  the  surface,  (3)  sloping  the  surface,  (4)  reducing  tha  response  time 
for  containment  or  dustrvctlon,  and  (5)  installing  blunt  bumpers  on  tines. 
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Securing  the  lift  truck  load  was  also  considered  for  mitigating  the 
accident  involving  a  drop  which  resulted  In  a  detonation.  Using  battery- 
powered  lift  trucks  was  considered  for  mitigating  the  accident  resulting  in 
a  fire.  No  mitigation  measure  was  identified  for  the  forklift  collision 
resulting  in  a  detonation.  Table  3-2  provides  a  summary  of  handling  acci¬ 
dent  scenarios  and  mitigation  measures. 


3.2.1 


This  mitigation  measure  is  described  above  in  Section  3.1.5. 


3.2.2 


Measure:  Insi 


If  a  spill  occurs  on  a  concrete  surface,  the  liquid  agent  spreads  out 
as  a  shallow  pool,  providing  a  large  area  from  which  agent  can  evaporate. 
For  example,  it  is  estimated  that  agent  from  a  ruptured  GB  ton  container 
could  cover  an  8400  square  foot  area.  The  maximum  hazard  distance  for  such 
an  accident  is  8.4  km.  The  size  of  the  pool  could  be  substantially  reduced 
by  altering  the  surfaces  over  which  lift  truck  operations  ore  performed. 
This  may  be  done  by  installing  a  grating  over  the  surface  on  which  handling 
operations  are  performed.  The  agent  would  be  contained  in  its  Interstices 
and  would  be  somewhat  protected  from  the  effect  of  air  movement.  Tb«  cost 
of  providing  movable  grating  for  all  eight  sites  is  expected  to  be  about 
$800,000. 

The  lower  rate  of  evaporation  provided  by  the  grating  is  expected  to 
reduce  the  maximum  hazard  distance  from  8.4  len  to  about  0.8  km.  However, 
decontamination  and  clean-up  would  be  more  difficult  and  potentially 
hazardous  to  the  decontamination  crew. 


3.2.3 
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Another  way  to  raduc*  the  agent  surfaca  area  available  for  avaomatlon 
would  be  to  slops  the  surface  to  drain'  at  the  edge  of  Che  lift  truck  oper¬ 
ating  area.  The  drain  would  direct  trie  flow  into  a  sump  where  the  ngrnt 
could  b«  contained  ar.d  destroyed  by  the  decontamination  crew.  The  simps 
would  have  to  be  equipped  with  c/erfiow  valves  for  discharging  rain  water, 
which  would  have  tc  be  drained  from  the  snaps.  Tiro  cc3t  of  Installing  such 
a  system  at  all  sites  is  expected  to  bo  about  $400,000. 

The  area  associated  with  the  slcpo,  drain,  and  sump  system  vas  esti¬ 
mated  co  be  shout  375  square  feet,  thus  reducing  the  effective  area  for 
evaporation  (in  the  case  of  a  ruptured  ten  container,  for  ex.uaule)  by  9.1 
percent.  The  maximum  hazard  distance  would  he  reduced  from  8.4  km  co  about 
1.3  km.  Tho  benefit  for  smaller  smaller  spills  would  b*  proportionately 
less . 


3.2.4  Mitigation  Measure:  Reduce  the  Rss^ots a  Tina  by  Covering  the 

ss-iu  . . 

Tho  consequences  of  an  accident  resulting  In  a  spill  could  be  miti¬ 
gated  by  reducing  tha  time  required  to  respond  to  the  spill  and  contain 
or  destroy  it.  The  risk  analysis  assumes  that  a  spill  resulting  from  a 
handling  accident  has  a  duration  of  up  to  one  hour,  during  which  time 
agent  continues  to  evaporate.  The  time  of  evaporation  could  be  reduced 
by  immediately  covering  any  spill  with  foam  or  other  material  to  blanket 
the  spill.  The  blanketing  material  would  be  applied  by  a  standby  vehicle, 
carrying  foata  dispersion  equipment.  Its  function  would  be  to  prevent 
evaporation  until  decontamination  solution  could  be  applied  to  the  spill. 
There  would  be  an  added  advantage  if  the  components  of  the  foam  included 
substances  that  destroy  agent. 

Foam  equipment  of  this  type  is  commercially  available.  Some  labora¬ 
tory  work  would  be  needed  to  saloct  a  suitable  blanketing  material.  The 
cost  of  providing  suitable  fcam-delivery  systems  is  expected  to  be  under 
$900,000.  This  does  not  include  the  added  labor  cost  that  might  be 
required  for  standby  crews. 

A  3tandby  blanketing  system  is  expected  to  stop  the  evaporation  from  a 
spill  in  less  than  15  minutes.  Since  the  original  response  time  was  up  to 
one  hour,  the  amount  of  agent  released  would  be  reduced  by  about  75  per¬ 
cent,  reducing  the  maximum  hazard  distance  from  8.4  km  to  about  4.8  km. 


3.2.5 
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When  a  forklift  operator  is  attempting  to  place  the  forklift  tines 
under  a  pallet,  an  error  could  result  in  a  tine  puncturing  an  agent  com¬ 
partment,  spilling  the  agent.  The  probability  that  a  puncture  will  occur 
would  bo  reduced  by  increasing  the  urea  which  strikes  the  munition  and  by 
making  tho  tip  of  softer  material  such  as  rubber.  A  bumper  about  eight 
inches  across  and  one  inch  vide  would  accomplish  this  and  would  also  fit 
under  the  pallets.  The  total  cost  of  implementing  this  measure  is  expected 
to  he  about  $30,000. 

It  was  estimated  that  increasing  ha  cross-sectional  area  of  tho  tines 
would  reduce  the  probability  of  a  puncture  by  about  65  percent.  No  credit 
was  taken  ii  this  estimate  for  the  cushioning  effect  of  the  rubber  because 
the  energy  absorption  capabilities  of  che  material  are  rot  known.  Forklift 
operators  might  experience  some  difficulty  in  using  the  modified  lift 
truck , 


3.2.6 


Ltigarlon  Kaeaurs; 


If  a  handling  accident  results  in  an  agent  spill  a  fire  could  occur  nt 
tho  same  time.  In  the  risk  analysis  the  fire  is  presumed  to  bo  externally 


initiated  --  that  is,  fuel  (e.g.,  diesel  fuel  from  the  lift  truck)  is 
ignited  and  the  fire  spreads  to  the  agent,  which  provides  additional  fuel 
for  the  firs.  Since  tho  duration  of  the  fire  is  rot  expected  to  excesd  ten 
minutes  the  available  fire-fighting  capability  has  little  mitigatlve  effect 
on  Ch5.s  accident. 

The  probability  of  the  accident  occurring  can  be  reduced  by  removing 
fuel  from  the  immediate  vicinity  of  the  handling  operation  by  'using  only 
battery-powered  lift  trucks  for  all  movements.  Battery-powered  trucks  are 
now  in  use  for  all  movements  requiring  igloo  entry.  Although  battery- 
powered  trucks  capable  of  lifting  off- site  containers  are  not  commercially 
available,  batery- powered  lifting  devices  could  be  built  to  meet  this 
requirement .  As  an  additional  precaution,  battery- charging  stations  should 
be  located  remotely  from  the  storage  area  to  pravent  fire3  from  being 
initiated  by  alectrical  discharges  or  flammable  gss  generation.  The  total 
coat  of  using  battery-powered  equipment  is  expected  to  be  about  $1 , 3 
million  over  the  cost  of  diasol-powarad  equipment  for  tha  on-site  alter¬ 
native.  The  cost  increase  for  the  collocation  alternative  would  be 
greater. 

3.2.7  Proposed  Action 

Reducing  the  evaporation  time  to  15  minutes  or  less  by  covering  a 
spill  with  a  blanket  of  foam  or  other  material  appears  to  be  the  most 
likely  mitigation  measure  to  succeed  in  providing  substantial  benefits. 
Therefore,  the  Army  plans  to  take  steps  to  implement  this  measure.  Since 
installing  blunt  bumpers  on  forklift  tines  does  not  appear  to  be  difficult 
to  do  and  will  provide  some  benefits,  the  Army  also  plans  to  implement  thi3 
measure . 

The  Army  also  plans  to  reduce  the  likelihood  of  a  fire  by  using  only 
battery-powered  forklifts. 

3.3  Mitigation  of  On-Site  Transport _Rlsk* 

Two  typos  of  on-site  transport  accident  scenarios  were  identified  a3 
accidents  which  should  be  studied  to  determine  if  mitigation  measures  could 
be  applied.  One  is  an  accident  which  results  in  an  agent  spill;  the  other 
results  in  a  detonation,  with  or  without  a  fire.  The  latter  accident  does 
not  involve  bulk  agent  containers  because  a  vehicle  fire  is  expected  not 
to  last  long  enough  to  rupture  a  container'.  According  to  the  risk  analysis 
an  j.apact- caused  detonation  is  more  than  100  times  more  likely  than  a  fire- 
caussd  detonation. 


Two  measures  were  considered  for  mitigation  of  accidents  resulting  in 
spills:  (1)  reducing  the  response  time  fsr  containment  or  destruction  and 
(2)  reducing  the  agent  temperature.  Ro  measures  were  considered  adequate 


to  prevent  a  detonation  but  a  protected  fire-fightir.g  vehicle  was  consid¬ 
ered  for  the  mitigation  of  accidents  involving  fires.  Table  3-3  provides 
a  summary  of  on-site  transport  accident  scenarios  and  mitigation  measures. 


Vehicle  accidents  involving  agent  spills  may  be  mitigated  by  reducing 
the  time  required  to  respond  to  the  spill  and  contain  or  destroy  the  agent. 
The  risk  analysis  assumes  that  a  spill  resulting  from  an  on-site 
transportation  accident  h«s  a  duration  of  up  to  two  hours,  during  which 
agent  continues  to  evaporate.  The  time  of  evaporation  could  be  reduced  by 
immediately  covering  the  spill  with  a  blanket  of  foam  or  other  material. 
The  concept  is  discussed  above  in  Section  3.2.4. 

The  blanketing  system  is  expected  to  stop  evaporation  within  15 
minutes.  Since  the  original  response  time  was  up  to  two  hours,  the  amount 
of  agent  released  would  be  reduced  by  87  percent,  reducing  the  maximum 
hazard  distance  from  4.2  to  1.5  km. 


3,3.2 
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Reducing  the  temperature  of  agent  car.  reduce  the  amount  evaporated 
because  the  evaporation  rate  is  lower  at  the  reduced  vapor  pressure.  Muni¬ 
tions  could  bo  chilled  to  about  0“F  by  circulating  chilled  air  through  the 
igloos  where  the  munitions  are  stored.  The  chilled  munitions  would  then  be 
placed  in  insulated  containers  for  transport.  The  use  of  movable  refrig¬ 
eration  units  would  allow  the  units  to  be  moved  from  one  Igloo  to  another. 
Refrigeration  of  all  G3  stocks  could  ba  accomplished  by  about  60  mobile 
igloo  refrigeration  units.  Installation  and  operating  costs  are  expected 
to  be  about  $14  million. 

Only  GB  stocks  were  considered  for  thi3  mitigation  measure  because  VX 
and  mustard  spills  during  on-site  transportation  do  not  pose  a  significant 
public  risk.  GB  spills,  especially  from  ton  containers  at  TEAD,  are  a  risk 
to  the  public. 

Refrigerating  agent  is  not  without  risk.  Handling  chilled  munitions 
might  be  hazardous  because  of  the  possibility  of  ice  and  fog  forming  at  the 
entrance  of  the  chilled  igloo.  The  fuel  used  to  power  the  refrigeration 
systems  would  be  a  minima]  hazard  because  the  generator  could  be  located 
some  distance  from  handling  operations . 

Transporting  G3  stocks  that  have  been  chilled  would  reduce  the  amount 
of  agent  released  to  the  atmosphere  during  the  first  hour  after  an  acci¬ 
dental  rpill.  After  the  first  hour,  the  spilled  agent  reaches  the  ambient 
tempers  cure  and  the  amount  rel  eased  is  the  same  as  it  would  have  been 
without  refrigeration.  Thus,  the  magnitude  of  the  benefit  depends  on  the 
length  of  tima  required  to  contain  or  destroy  the  agent.  For  example,  if 


TABLE  3-3 

SUMXARY  OF  OR- SITE  TRANSPORT  ACCIDENT  SCENARIOS  AND  MITIGATION  MEASURES 


the  clean-up  cine  is  two  hours ,  the  maximum  hazard  distance  is  reduced  from 
4.2  km  to  about  3.6  km  by  chilling. 

3.3.3  Mitigation  Measure:  Protected  yire-"lahtlna  Sonloment 

Ordinary  fire-righting  equipment  is  not  effective  against  fires  where 
explosives  are  present  because  c£  the  danger  to  personnel  attempting  to 
bring  the  fire  under  control.  If  the  fire-fighting  crew  could  be  pro¬ 
tected,  such  fires  could  be  brought  under  control,  in  all  or  aost  cates, 
before  the  fire  caused  the  explosives  to  detonate.  This  could  be  accom¬ 
plished  by  placing  ths  crew  in  a  vapor -sealed  armored  personner  carrier 
with  remotely-operated,  trailer- mounted  fira- fighting  equipment  in  tow. 

The  equipment  would  include  a  tank  of  water,  a  tank  of  foam  concentrate, 
a  high-head  diesel -powered  pump  and  nozzle  capable  of  delivering  foam  to  a 
distance  of  200  feet.  The  turret  would  be  remotely  operated  by  the  crew  in 
the  personnel  carrier.  With  this  equipment,  a  properly  trained  crew  could 
safely  approach  within  200  feet  of  a  burning  vehicle  and  bring  the  fire 
under  control  in  a  few  minutes . 

Alternatively,  an  airport  crash  truck  equipped  with  a  foam  delivery 
device  could  be  modified  to  provide  protection  for  the  crew  inside  the 
truck.  It  is  estimated  that  12  such  vehicles  (two  for  each  of  tha  six 
sites  where  cn-site  transport  is  required)  would  cost  about  $2.4  million. 

Using  a  protected,  mobile  fire-fighting  system  is  expected  to  bring  a 
vehicle  fire  under  control  in  time  to  prevent  fire-caused  detonations  about 
99  percent  of  the  time.  However,  the  probability  of  a  fire-caused  deto¬ 
nation  is  less  than  one  percant  of  the  probability  of  an  impact-caused 
detonation.  Therefore  this  mitigation  measure  will  not  appreciably  reduce 
the  probability  of  a  detonation  in  the  event  of  a  vehicle  accident. 

3.3.4 

Tne  most  promising  and  cost-effectiva  measure  for  mitigating  an 
accident  which  results  in  a  spill  is  to  reduce  tho  evaporation  tica  by 
covering  the  spill  wish  a  foam  blanket.  The  Army  plans  to  provide  the 
equipment  necessary  to  do  this . 

The  Army  plans  to  consider  methods  of  protecting  fire-fighting  crews 
to  enable  them  to  effectively  control  vehicle  fires  during  on-site  trans¬ 
portation  of  burstered  munitions. 

3.4  Mitigation  of  Off-Sits  Tror.ttort  Risks 

Two  modes  of  of-site  transportation  were  included  in  the  risk 
analysis:  (1)  rail  and  (2)  air  from  Lexington  and  Aberdeen  to  Tooele. 
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Two  rail  accident  scenarios  described  in  the  risk  analysis  were 
identified  as  accidents  which  should  be  studied  to  determine  if  mitigation 
measures  could  be  applied.  Two  air  accident  scenarios  were  similarly  iden¬ 
tified.  Ora  rail  scenario  and  one  air  scenario  represent  accidents  that 
result  in  an  agent  spill.  The  other  scenarios  represent  accidents  result¬ 
ing  in  fire  and/cr  detonation. 

The  only  practicable  measure  for  mitigating  a  spill  accident  chat  was 
identified  was  to  transport  stocks  at  a  low  temperature ,  No  mitigation 
measures  were  identified  for  transportation  accidents  resulting  in  fire  or 
detonation.  Table  3-4  provides  a  summary  of  off-site  transport  accident 
scenarios  and  mitigation  measures. 

3.4.1  i_j£sa 

Reducing  tha  the  temperature  of  agent  cap  reduce  the  amount  evaporated 
in  two  ways: 

1.  Reducing  the  temperature  lowers  the  vapor  pressure,  thus  decreas¬ 
ing  the  evaporation  rate. 

2.  In  the  cose  of  mustard,  which  is  readily  frozen,  solidified  agent 
will  not  spread  out  and  provide  a  large  area  for  evaporation. 

Thus,  the  evaporation  rate  is  reduced. 

Transporting  at  a  reduced  temperature  would  mitigate  the  consequences  o. 
accidents  involving  rustard  or  GB.  It  would  not  appreciably  mitigate 
accidents  involving  VX  because  it  has  a  very  low  vapor  pressure  at  ambient 
temperature . 

As  described  in  Section  3.3.2,  munitions  stored  in  an  igloo  could  be 
chiliad  by  circulating  refrigerated  air  through  the  igloo.  The  use  of 
movable  refrigeration  units  would  allow  tha  units  to  be  moved  from  one 
igloo  to  another.  Munitions  not  stored  in  igloos  could  be  moved  to  empty 
igloos  for  chilling;  at  sites  where  there  are  no  igloos,  agent  could  be 
chilled  In  a  refrigerated  building.  Chilled  munitions  and  agent  would  then 
ba  placed  in  insulated  or  refrigerated  containers  for  transport  by  rail  ov 
air. 

Refrigeration  of  all  GB  and  mustard  stocks  that  would  be  moved  off¬ 
site  could  be  accomplished  by  about  64  mobile  refrigeration  units  and  one 
refrigerated  building.  Installation  and  operating  costs  for  the  national 
disposal  alternative  are  expected  to  be  about  $17  million.  For  the 
regional  alternative,  52  mobile  units  and  one  refrigerated  building  would 
be  required  and  the  total  cost  would  be  about  $14  mi.llicn.  The  cost  of 
refrigerating  the  stocks  at  LEAD  and  APG  for  air  transport  would  be  about 
$4.7  million. 
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Transporting  GB  stocks  that  have  been  chilled  would  reduce  the  amount 
of  agent  released  to  the  atmosphere  only  during  the  first  hour  after  an 
accidental  spill.  Thus,  the  magnitude  of  the  benefit  depends  on  the  length 
of  time  required  to  contain  or  destroy  the  spilled  agent.  For  example,  if 
six  hours  (the  maximum  time  assumed  in  the  risk  analysis  for  a  rail  acci¬ 
dent)  is  used,  the  maximum  hazard  distance  is  reduced  from  2.2  km  to  about 
2.0  km  by  chilling  GB.  Similarly,  the  maximum  hazard  distance  for  an  air 
accident  would  be  reduced  from  31  km  to  28.5  km  if  the  spill  is  cleaned  up 
in  6  hours.  However,  if  the  spill  is  not  contained  for  24  hours  (the 
maximum  time  assumed  in  the  risk  analysis  for  air  accidents)  the  benefit 
is  negligible. 

The  benefit  for  chilling  mustard  stocks  is  greater  because  mustard 
is  readily  frozen  and  in  the  solid  state  does  not  evaporate  as  easily  as 
in  the  liquid  state.  For  example,  if  the  cleanup  time  is  six  hours,  the 
maximum  hazard  distance  for  a  rail  accident  is  reduced  from  0.4  to  0.1  km 
by  chilling.  For  an  aircraft  accident  the  maximum  hazard  distance  is 
reduced  from  3.0  to  1.2  km. 

3.4.2  Proposed  Action 

Chilling  munitions  does  not  appear  to  provide  a  significant  reduction 
in  the  consequences  of  a  GB  agent  spill  during  transport.  Therefore,  the 
Army  does  not  plan  to  implement  this  mitigation  measure  for  munitions  or 
bulk  items  containing  GB.  However,  since  there  are  more  substantial 
benefits  for  freezing  bulk  mustard,  the  Army  plans  to  ship  ton  containers 
of  mustard  in  a  frozen  state,  if  off-site  transportation  is  required. 

3 . 5  Mltisatisa.  J2£_llan& 

Eleven  plant  operations  accident  scenarios  were  selected  for  review. 
Five  of  the  scenarios  are  accidents  caused  by  external  events  (earthquakes 
and  aircraft  crashes) .  The  remaining  scenarios  involve  detonations  caused 
by  equipment  failure  or  operator  error.  The  high-consequence  accidents 
(maximum  hazard  distance  >27  km)  are  all  externally-caused.  The  maximum 
hazard  distances  for  the  internally-caused  accidents  range  from  1.5  to 
6.1  km. 

For  the  aircraft  crash  accident  the  mitigation  measure  considered 
vs3  restricting  air  space.  Four  mitigation  measures  were  considered  for 
earthquake -caused  accidents:  (1)  installing  seismic-actuated  gas  cutoff 
valves  and  lighting  circuit  breakers;  (2)  reducing  the  presence  of  probes 
in  the  Unpack  Area  (UPA) ;  (3)  rainforcing  the  UFA;  and  (4)  modifying  tha 
conveyor . 

The  mitigation  measures  considered  for  internally-caused  accidents 
concentrate  on  eliminating  equipment  failure  and  reducing  the  potential 
for  human  error.  Four  measures  were  considered  for  mitigating  an  explosion 


331 


TABLE  4-1 

MITIGATION  MEASURES  WHOSE  EFFECT  IS  EVALUATED 


a.  Kitisa tisaLlfivialsii-l 

The  following  mitigation  measures  are  tho3e  that  the  Army  plans  to 
implement : 

1.  Reduce  the  response  time  for  containing  or  destroying  a  spill  by 
covering  the  spill. 

2.  Use  battery-powered  lifing  devices  for  handling. 

3.  Install  blunt  bumpers  on  lift  truck  tines. 

4.  Use  improved  mobile  device  to  control  vehicle  fire  during  on-site 
transportation. 

5.  Install  3eismic-actuated  gas  cutoff  valves  and  category  3  circuit 
lighting  circuit  breakers  in  the  KDB. 

6.  Install  a  metal  shield  over  the  conveyor  between  the  UPA  and  the 
ECR. 

7.  Implement  changes  In  the  UPA  to  prevent  mines  and  rockets  from 
being  accidentally  conveyed  to  the  DUN.  All  measures  necessary 

to  reduce  by  two  orders  of  magnitude  the  probability  of  a  munition 
reaching  the  DUN  will  be  Implemented. 

8.  Transport  mustard  ton  containers  in  a  frozen  state  If  off-site 
transportation  is  required. 

9.  Do-energiza  warehouse  electrical  systems  using  seismically- 
actuated  circuit  breakers  or  disconnected  electrical  leads. 

B .  Mitigation  Revision  2 

Mitigation  revision  2  includes  all  of  the  above  mitigation  measures 
with  the  additional  step  of  restricting  air  space  and  eliminating  military 
flights  at  all  of  the  sites. 
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in  the  Metal  Fart*  Furnace  <MPF):  (1)  installing  a  redundant  fuel,  cutoff 
valve;  (2)  using  steam  to  purge  the  furnace;  (3)  using  nitrogen  to  purge 
the  furnace;  and  (4)  using  gas  from  an  inert  gas  generator  to  purge  the 
furnace.  Two  measures  were  considered  for  preventing  munitions  from 
falling  from  the  conveyor  and  detonating:  (1)  reducing  conveyor  spaed 
end  (2)  installing  a  metal  cage  over  the  conveyor.  Finally,  four  measures 
were  considered  for  reducing  the  likelihood  of  a  munition  being  fed  to 
the  Dunnage  Incinerator  (DUN)  and  detonating:  (1)  using  x-raya  to  3creen 
dunnage;  (2)  interlocking  a  metal  detector  with  the  conveyor;  (3)  inter¬ 
locking  a  mine  counter  with  the  conveyor;  and  (4)  using  a  mechanical  hoist 
to  move  rockets.  No  practicable  measure  was  identified  for  mitigation  of 
detonations  in  the  Explosive  Containment  Rocm  ( EC? ) . 

Table  3-5  provides  a  summary  of  plant  operations  accident  scenarios 
and  mitigation  measures. 


Establishing  air  space  restrictions  could  substantially  reduce  the 
expected  frequency  of  an  aircraft  crash  on  the  disposal  plant.  According 
to  tho  risk  analysis,  the  building  will  be  designed  to  withstand  small 
aircraft  crashes;  therefore,  this  mitigation  measure  is  directed  against 
crashes  of  targe  aircraft  only.  Thia  mitigation  measure  Is  discussed  In 
Section  3.1.1. 


3.5.2 


The  meet  serious  consequences  of  an  earthquake- initiated  accident 
occur  when  the  fuel  lines  are  damaged  and  a  fire  occurs.  This  accident 
may  bu  mitigated  by  shutting  off  the  fuel  supply  ar.d  eliminating  the  moat 
likely  source  of  ignition  (broken  power  linos). 

A  valve  designed  to  actuate  under  earthquake  forces  to  shut  off  gas 
flow  could  be  placed  on  the  main  gas  supply  line  to  the  Munitions  Demili¬ 
tarization  Building  (MDB).  The  purpose  of  the  valve  would  bo  to  lisle  fuel 
to  any  tire  that  could  occur  within  the  building.  It  would  also  prevent 
further  damage  to  the  building  by  precluding  a  gas  explosion. 

A  special  test  circuit  circuit  breaker  could  be  pieced  on  the  lighting 
circuits  in  the  UPA  to  prevent  Initiation  of  a  fire  by  short  circuiting 
lighting  fixtures.  Normal  circuit  breakers  mlj’ht  “chatter*  during  an 
earthquake  and  not  cut  current  even  though  e  short  had  occurred.  The 
special  breaker  is  considered  necessary  only  for  lighting  circuits  because 
other  circuits  are  mere  substantial  and  less  prone  to  damage. 

This  mitigation  measure  is  expected  to  coat  about  $30,000  at  each 
site.  The  estimated  risk  reduction  depends  on  the  scenario.  For  those 
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earthquake-caused  accidents  resulting  in  fire  the  probability  of  the  event 
would  be  reduced  by  82  to  95  percent. 

3.5.3  Mitigation  Measure:  Reduce  the  Presence  of  Probes  in  the  UPA 

In  the  event  of  an  earthquake,  munitions  may  fall  on  sharp  objects 
(probes).  A  punctured  munition  may  either  contribute  fuel  to  a  fire  in  the 
UPA  or  directly  release  agent  into  the  atmosphere.  Although  the  UPA  is 
generally  devoid  of  objects  on  the  floor  that  would  puncture  falling  muni¬ 
tions,  this  mitigation  measure  calls  for  reviewing  equipment  design  and 
redesigning  where  necessary  to  eliminate  potential  probes.  An  analysis 
would  also  be  done  of  the  path  of  travel  of  munitions  and  bulk  containers 
to  identify  potential  primary  probes  in  the  path  and  to  identify  secondary 
probe -producing  objects  (e.  g. ,  sprinkler  piping).  Although  the  estimated 
cost  of  this  measure  is  expected  to  be  minimal,  the  impact  of  of  redesign 
or  removal  of  equipment  is  difficult  to  predict. 

The  estimated  risk  reduction  for  this  measure  depends  on  the  scenario. 
Accidents  involving  puncture  are  reduced  in  probability  one  order  of 
magnitude.  Other  earthquake -caused  accidents  are  not  affected. 

3.5.4  Mitigation  Measure: _ Reinforce  the.  UPA 

The  probability  of  a  breach  of  the  UPA  in  an  earthquake  could  be 
reduced  by  designing  the  building  for  structural  unity  at  higher  ground 
acceleration.  Designing  for  higher  ground  acceleration  does  not,  on  its 
own,  reduce  the  probability  of  this  breach.  Instead,  the  area  of  the  UPA 
must  be  considered  as  a  unit  and  designed  to  maintain  ductility  throughout 
the  combined  acceleration/velocity/displacement-versus-tlme  history. 
Building  material  and  stiffening  methodology  would  have  to  bo  developed. 
There  would  be  a  substantial  program  delay  to  accomplish  this  significant 
design  change.  The  estimated  cost  would  be  about  $900,000  at  each  site. 

The  benefits  for  this  mitigation  measure  depend  on  the  scenario.  The 
probability  would  be  reduced  by  about  1/3  for  those  accident  which  rasult 
in  building  damage.  There  Js  no  benefit  in  the  case  of  an  earthquake  which 
causes  munitions  to  fall  but  does  net  damage  the  building. 

3.5.5  Hi£UasUjgp..a?.»..a3ia.L _ licit  SiJtive-isDsvriiT: 

In  an  earthquake,  munitions  being  moved  by  conveyor  may  fall  off  and 
be  ruptured.  The  conveyor  could  bo  modified  to  reduce  the  potential  for 
the  munitions  to  fall.  This  would  involve  placing  stops  at  the  conveyor 
ends  and  deepening  the  channels  on  the  conveyor  sides.  The  cost  would  be 
minimal. 

A  reduction  of  about  50  percent  is  expected  for  those  accidents  in 
which  a  munition  falls  and  is  ruptured.  There  are  potential  human  factors 
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and  operational  difficulties  associated  with  this  measure  because  of  the 
reduced  clearances  and  a  corresponding  increase  in  pinch  points  on  the 
conveyor . 

3-5.6  Mitigation  Measure:  Install  a  Redundant  Fuel  Cutoff  Valve 

When  the  MPF  is  shut  down  there  is  a  possibility  that  the  logic  con¬ 
trollers  will  fail  or  that  the  fuel  cutoff  valves  will  fail  to  shut  off 
fuel.  Thus,  an  explosive  mixture  could  occur  which  could  result  in  an 
explosion  in  the  MPF. 

One  way  to  mitigate  this  accident  is  tc  provide  redundancy  by 
installing  an  additional  automatically  actuated  cutoff  valve  to  the  main 
gas  supply  line  tc  the  furnace.  It  is  expected  that  this  measure  would 
cost  about  $25,000  at  each  site. 

This  measure  is  expected  to  reduce  the  probability  of  failure  by  only 
ten  percent.  Tha  reason  for  the  limited  benefit  is  the  potential  for 
common  cause  failures  to  affect  all  the  valves  within  the  train.  Precau¬ 
tions  should  be  taxon  when  adding  the  valve  to  the  system  that  common  cause 
failures  are  avoided  so  that  the  valve  will  provide  true  redundancy.  The 
following  administrative  and  design  measures  are  suggested:  (1)  Use  dif¬ 
ferent  valve  suppliers;  (2)  use  different  valve  actuation  mechanisms;  (3) 
rssqu.tra  routine,  periodic  tests  of  valve  function  and  demonstration  tests 
following  valve  maintenance ;  and  (4)  incorporate  position-proving  fuel 
valve  shutoff  switches,  fuel  line  flew  sensors,  or  combustion  ga3  analysers 
to  alarm  on  potential  fuel  flow  or  explosive  atmosphere.  Although  the 
effect  of  these  precautions  was  not  evaluated,  it  is  expected  that  a  close 
approach  to  full  redundancy  can  be  achieved. 

3.5.7  g itiZteloJLXn* SHE?.  I _ Use  Steam  to  Purge  th*  Furnace 

An  explosion  in  the  MPF  could  be  precluded  if  tha  formation  of  an 
explosive  atmosphere  within  the  furraca  were  prevented.  One  way  to  do 
this  would  be  to  inject  steers  into  tha  furnace.  Tha  estimated  cost  of 
this  measure  is  $20,000  at  each  site. 

Although  steam  injection  is  technically  feasible,  there  are  acme 
drawbacks  to  this  measure.  The  chief  difficulty  would  be  in  determining 
whan  to  initiate  the  purgs,  in  establishing  how  long  a  purge  is  required, 
and  in  maintaining  a  sufficiently  long  purge.  Moreover,  the  fuel  would 
continue  to  flow  into  the  furnace  until  some  ether  measure  were  taken  to 
shut  it  off.  Steam  Injection  could  complicate  destruction  of  agent  within 
the  furnace  and  subsequent  furnace  decontamination,  Stosa  could  also 
degrade  the  furnace  lining  to  the  point  where  it  would  need  replacement. 
Consideration  of  these  difficulties  led  to  th-  conclusion  that  this  measure 
would  not  reduce  the  risk  of  an  explosion  in  the  MPF. 


Another  way  of  preventing  the  formation  of  an  explosive  atmosphere  in 
the  MPF  would  be  to  inject  nitrogen  into  the  furnace.  The  estimated  cost 
is  $150,000. 

As' in  the  case  of  steam  injection,  it  would  be  difficult  to  determine 
when  to  initiate  the  purge  and  how  long  a  purge  is  required,  and  to 
maintain  a  sufficiently  long  purge.  It  would  also  be  necessary  to  take 
some  other  action  to  shut  off  the  fuel.  There  could  be  some  adverse  impact 
on  agent  destruction  in  the  furnace.  Because  of  these  difficulties, 
nitrogen  injection  is  not  expected  to  reduce  the  risk  of  an  explosion  in 
the  MPF. 

3-5.9  Mitigation  Measure:  Use  0&9  from  an  Inert  Gas  Generator  to  Purge 


A  third  way  of  preventing  the  formation  of  an  explosive  atmosphere  in 
the  MPF  was  also  considered.  This  involves  the  use  of  an  inert  gas  gener¬ 
ator  to  provide  an  inert  atmosphere  and  to  combust  the  fuel  released  during 
the  accident.  If  used  with  a  feedback  loop,  the  generator  could  positively 
result  in  neutralization  of  any  explosive  atmosphere  that  could  be  formed 
within  the  furnace.  Thus,  unlike  the  injection  of  steam  or  nitrogen,  an 
inert  atmosphere  could  be  maintained  within  the  furnace.  Since  the  gener¬ 
ator  would  maintain  temperature  in  the  furnace,  there  should  be  no  problem 
with  agent  destruction.  There  might  be  a  design  delay  due  to  the  require¬ 
ment  to  integrate  the  generator  system  with  ths  furnace  and  its  control 
system.  The  estimated  cost  of  this  measure  is  $500,000. 

The  probability  of  an  explosion  in  the  MPF  is  expected  to  be  reduced 
by  two  orders  of  magnitude.  Although  this  measure  does  not  appear  to  have 
the  most  serious  drawbacks  of  steam  or  nitrogen  injection,  there  is  still 
the  difficulty  of  determining  when  a  purge  is  required.  Moreover,  the 
reliability  of  the  generator  system  is  uncertain  because  of  its  complexity. 


Munitions  are  moved  from  the  UPA  to  the  ECR  by  a  conveyor  with  devices 
to  center  the  munitions  as  they  are  conveyed.  For  projectiles,  the  con¬ 
veyors  will  have  rollers  that  are  slightly  dished  and  for  rockets  guide 
rails  that  come  slightly  above  the  centerline  will  be  provided.  Despite 
these  design  features,  the  possibility  exists  that  a  munition  could  fall 
from  the  conveyor  and  detonate.  8-ir.eh  projectiles  have  been  observed  to 
oscillate  in  a  vertical  plane  as  they  are  conveyed  at  the  design  speed  of 
120  linear  feet  per  minute. 


A  mitlgative  measure  applicable  to  8 -inch  projectiles  is  to  reduce  the 
speed  of  the  conveyor  during  movement  of  these  munitions.  The  other  muni¬ 
tions  would  be  conveyed  at  the  higher  speed  in  order  to  maintain  production 
rates.  This  would  require  incorporation  of  a  two-speed  drive  into  the 
conveyor.  Thi3  measure  could  be  implemented  a'c  a  minimal  cost. 

Although  a  slower  conveyor  spaed  would  appear  to  reduce  the  chance  of 
a  fall,  no  appreciable  reduction  in  the  probability  of  this  accident  could 
be  determined. 

3.5.11  Mitigation  Measure: _ Install.. a_ Mats!.. .Cage  over  the  Conveyor 

Munitions  could  be  prevented  from  falling  off  the  conveyor  by  install¬ 
ing  metal  cage  over  the  conveyor.  The  cage  would  be  permanently  installed 
but  would  have  bars  spaced  in  such  a  manner  as  to  allow  access  to  conveyor 
components.  Alternatively,  a  removable  metal  shield  more  thoroughly  cover¬ 
ing  the  conveyor  could  be  used.  The  exact  design  would  be  determined 
following  an  analysis  of  maintenance  and  changeover  requirements.  The  cage 
could  be  installed  at  a  minimal  cost. 

3.5.12  Mitigation  Measure:  Use  X-H.ivs  to  Screen  Dunnage 

An  operator  arror  during  dunnage  transfer  in  the  UPA  could  result  in 
a  munition  being  accidentally  placed  in  a  dunnage  box  and  conveyed  to  the 
D’JN,  where  the  munition  detonates.  The  DUN  is  not  designed  for  explosive 
containment.  The  operator  error  i3  considered  possible  only  with  small 
munitions  (105-mm  cartridges,  nines,  and  rockets)  that  car.  be  eusily 
handled  by  one  person.  There  will  be  a  number  of  personnel  (operators,  a 
supervisor,  a  quality  assurance  specialist)  who  would  be  likely  to  notice 
an  operator  error  of  this  magnitude,  especially  in  the  case  of  cartridges 
and  rocket3.  Mines  are  removed  from  drums  in  a  glovebox  which  will 
restrict  visibility  of  dunnage  transfer  to  operators. 

Or.a  method  of  providing  additional  scanning  would  be  to  use  an  x-ray 
scanner  to  monitor  the  dunnage  box.  The  scanner  would  be  located  at  the 
airlock  into  the  DUN,  which  would  not  open  without  a  positive  signal  from 
the  scanner  operator.  The  cost  of  thi3  measure  is  expected  to  be  $250,000 
at  each  site  where  this  accident  could  occur. 

The  x-ray  scanner  is  expected  to  reduce  the  probability  of  a  deto¬ 
nation  in  the  DUN  by  about  66  percent.  The  major  problems  with  this 
measure  would  be  maintenance  and  the  human  error  rate  associated  with 
repetitive  scans.  Maintenance  would  probably  have  to  be  dons  by  outside 
technicians  and  could  entail  extensive  interruptions  to  the  operation  of 
the  UPA. 
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3.5.13  Mitigation  Measure:  Interlock  a  Metal.Betector-With  Jfta  Swansea 

Conveyor 

A  metal  detector  could  be  used  to  detect  the  presence  of  munitions  in 
the  dunnage  box.  The  detector  could  be  interlocked  with  tha  DUN  airlock, 
which  would  not  open  unless  it  received  a  signal  from  the  detector.  The 
system  could  be  used  for  cartridges  and  rockets.  It  could  be  used  for 
mines  only  if  the  drums  in  which  nines  are  transported  were  not  sent  to  the 
DUN.  The  cost  is  expected  to  be  $50,000  at  each  site  where  this  accident 
could  occur. 

The  metal  detector  is  expected  to  reduce  the  probability  of  a  deto¬ 
nation  in  tha  DUN  by  about  66  percent.  The  chief  drawback  of  this  measure 
is  the  potential  for  false  alarms  triggered  by  other  metal  (e.g. ,  metal 
banding) .  The  unit  could  be  calibrated  to  respond  to  a  given  mass  of  metal 
and  could  be  adjusted  to  minimize  the  false  alarms.  Actual  tescs  of  the 
detectors  would  be  required  to  determine  the  false  positive  alarm  rates  for 
different  munitions. 

3.5.14  MitJ^aljqaJlea^uxaj _ IiULerlQck.aJtJLnjJ^i^^ 

fismvem 

The  probability  of  a  mine  entering  the  DUN  and  being  detonated  there 
would  be  reduced  if  counters  for  explosive  components  and  mines  at  the  mine 
glovebox  were  interlocked  to  the  feed  to  the  dunnage  conveyor.  Inter¬ 
locking  the  counters  also  to  the  drum  crushing  station  would  have  the  added 
benefit  of  preventing  a  mine  detonation  there.  Multiple  sensors  would  be 
used  to  detect  mines  and  explosive  components  inserted  through  silhouette 
holes,  thus  ensuring  that  dunnage  cannot  trip  counters  if  inserted  through 
mine  and  explosive  out  ports.  A  secondary  check  could  be  provided  by 
weighing  items  fed  to  the  drum- crushing  station.  The  feed  to  the  dunnage 
conveyor  will  not  function  if  the  counters  do  not  account  for  all  the  mines 
or  if  the  expected  weights  are  exceeded.  The  programmable  logic  controller 
will  automatically  screen  sensors  to  determine  potential  sensor  malfunc¬ 
tion. 

The  direct  cost  of  this  measure  i3  minimal  because  it  can  be  done  in 
conjunction  with  the  redesign  of  the  mine  glovebox,  which  is  being  done  to 
incorporate  a  orum  crushing  unit.  The  indirect  cost  associated  with  oper¬ 
ational  changes  cannot  be  estimated  at  this  time.  There  could  be  an  impact 
on  furnace  operations  and  buffering  both  on  the  bypass  conveyor  and  in  the 
UPA. 

Since  this  measure  i3  applicable  only  to  mines,  no  credit  was  taken 
for  mitigation  of  accidents  involving  other  munitions.  The  overall  prob¬ 
ability  of  a  detonation  In  the  DUN  would  be  reduced  by  about  67  percent. 
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3.3.15  Mitigation  Kea^ur^:  Us3  a  Mechanical  Holst  to  Hove  Rocha 1 3 


* 


Using  a  mechanical  hoist  (effector  system)  to  lift  rockets  from  the 
pallet  would  reduce  manual  handling  and  the  potential  foi  mistaking  a 
rocket  as  dunnage.  The  effector  unit  would  lift  five  rocket3  at  a  time 
from  the  pallet,  placing  them  on  the  conveyor  feed  table.  Two  persons 
would  position  and  guide  the  unit.  Vertical  rails  would  extend  upward 
from  the  frame  to  aid  operators  to  position  the  unit.  Rails  extending 
down  around  the  edges  of  the  frame  would  protect  rockets  from  being  bumped. 
The  estimated  cost  is  $30,000  for  each  device. 

Since  this  measure  applies  only  to  rockets,  no  credit  was  taken  for 
mitigation  of  accidents  involving  other  munitions.  The  overall  reduction 
in  the  probability  of  this  accident  occurring  is  about  25  percent.  Disad* 
vantages  of  the  effector  system  include  the  difficulty  in  positioning  the 
unit  over  the  rockets  and  the  potential  awkwardness  in  handling  five 
rockets  at  a  time.  There  could  be  potential  hazards  if  rockets  were  not 
gripped  securely  or  if  the  effector  unit  hit  the  shipping  and  firing  tubes 
with  force  while  being  lowered. 

3.5.16  1-ypcosed  Action 

Restricting  air  space  is  potentially  a  coat-effective  way  to  mitigate 
accidents  resulting  from  aircraft  crashes  (see  Sections  3.1.1  and  3.5.1). 
However,  it  is  not  certain  that  this  can  be  done.  Although  the  Army  cannot 
commit  to  air  space  restrictions  at  this  time,  a  study  could  be  undertaken 
to  determine  whether  such  restrictions  can  and  should  be  implemented. 

Accidents  resulting  from  earthquakes  can  best  be  mitigated  by  install¬ 
ing  seismic-actuated  cutoff  valves  and  special  test  lighting  circuit 
breakers  (sue  Section  3.5.2).  This  measure  is  relatively  cost-effective, 
can  be  implemented  without  program  delay,  and  can  reduce  the  probability  of 
the  highest  severity/mcst  probable  accidents  by  approximately  one  order  of 
magnitude. 

An  explosion  in  the  MPF  can  best  be  mitigated  by  installing  a  redun¬ 
dant  fuel  cutoff  valve  (see  Section  3.5.6).  Although  common  cause  failures 
may  lessen  the  expected  risk  reduction,  the  recommended  administrative  and 
design  measures  should  lessen  their  effect.  The  U3a  of  either  steam  or 
nitrogen  to  inert  the  furnace  does  not  appear  to  be  effective  and  the 
reliability  of  the  inert  gas  generator  system  is  questionable.  Moreover, 
the  various  purge  options  requii j  significant  redesign  of  the  furnace  and 
pollution  abatement  system. 

The  Army  plans  to  implement  both  of  the  measures  considered  for  pre¬ 
venting  munition  from  falling  off  the  conveyor  and  detonating.  Reducing 
the  conveyor  speed  (Section  3.5.10)  is  being  considered  anyway  to  reduce 
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impact  stresses  or.  conveyor  stops.  Installing  a  raetal  cage  over  the  con¬ 
veyor  will  provide  more  positive  assurance  that  no  munitions  fall  off  the 
conveyor. 

The  Array  plans  to  reduce  the  probability  of  mines  entering  and  deto¬ 
nating  in  the  DUN  by  interlocking  mine  and  explosive  component  counters 
with  the  dunnage  conveyor  feed  (see  Section  3.5.14).  The  other  mitigation 
measures  considered  require  additional  human  factors  analysis.  Hie  Army 
plans  to  continue  to  pursue  mitigative  measures  until  at  least  a  two-order 
of -magnitude  reduction  in  probability  is  achieved. 
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4.0  POTENTIAL.  EFFECT  OF  MITIGATION  MEASURES  CM  P.JSS 

Siiv^a  the  purpose  of  tha  effort;  to  identify  litigation  measures  was  to 
roduce  tha  public  riik  of  the  CSDP,  we  have  attempted  to  quantify  the  risk 
reduction  that  would  result  if  the  mitigation  measures  were  implemented. 
According  to  the  analysis  described  in  Section  3.0,  none  of  the  measures 
were  found  to  be  more  effective  cr  practicable  than  others.  Therefore, 
when  evaluating  the  potential  effect  of  mitigation  we  selected  those  items 
that  the  Army  has  decided  to  carry  out  as  part  of  the  disposal  program. 

Tha  mitigation  measures  listed  in  Table  4-1  represent  two  revisions  to  the 
disposal  plan.  Those  listad  under  Revision  1  are  the  measures  the  Army  has 
included  in  its  plan.  The  Army  is  uncertain  at  this  time  about  whether  air 
space  can  or  should  be  done;  therefore  Revision  2,  which  includes  this 
mitigation  measure,  represents  mitigation  that  might  be  undertaken  at  a 
later  time. 


For  the  purpose  of  showing  the  potential  risk  reduction  due  to  mitiga¬ 
tion,  we  have  chosen  to  use  "expected  fatalities”  as  the  measure  of  rick. 
Expected  fatalities  is  a  v/;lua  that  is  calculated  as  follows: 

1.  The  probability  of  each  potential  accident  is  multiplied  by  the 
number  of  fatalities  that  could  occur  if  that  accident  happened. 
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2.  The  values  obtained  in  this  calculation  are  summed  for  all  of 
those  accidents  involved  in  a  given  alternative  at  a  givjn  sita. 

The  values  for  expected  fatalities  at  each  of  the  eight  CONUS  sites  wore 
calculated  in  this  way  to  determine  tha  site- specific  risk  for  three  cases: 
(1)  unmitigated  risk,  (2)  risk  with  Mitigation  Revision  1  implemented,  and 
(3)  risk  with  Mitigation  Revision  2  implemented.  The  programmatic  (over¬ 
all)  ri3k  for  each  of  these  cases  was  determined  by  adding  the  site- 
specific  values  of  expsetad  fatalities. 


Tho  effect  of  mitigation  on  tha  prograismatic  risk  is  illustrated  in 
Figure  4-1.  The  bars  show  the  petontial  effect  of  mitigation  on  expected 
fatalities  for  each  of  the  CSDP  alternatives. 

The  mitigation  measures  selected  for  implementation  are  expected  to 
substantially  reduca  the  risk  of  continued  storage  and  on-site  disposal. 
Mitigation  Revision  1  ha3  the  potential  for  reducing  expected  fatalities  by 
at  least  an  order  of  magnitude  for  continued  storage.  This  is  attributable 
primarily  to  reducing  the  likelihood  cf  a  warehouse  fire  in  the  event  of  an 
earthquake.  Restricting  air  space  (Revision  2)  could  further  reduce  the 
risk  by  15  percent. 
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For  the  on-site  disposal  alternative,  Mitigation  Revision  1  also  has 
the  potential  for  reducing  risk  by  an  order  of  magnitude.  This  reduction 
is  attributable  primarily  to  mitigation  of  plant  operations  accidents.  An 
additional  30  percent  reduction  could  bo  achieved  by  restricting  air  space. 

The  modest  reductions  achieved  in  the  alternatives  involving  movement 
of  munitions  is  a  reflection  of  the  difficulty  of  mitigating  accidents  that 
occur  dur:.n;  transportation,  as  can  be  seen  in  Section  3.4.  The  25  percent 
reduction  in  risk  for  the  partial  reloc^cion  alternative  is  entirely 
attributable  to  the  effect  of  mitigation  at  the  sites  where  disposal  is 
carried  out;  mitigation  has  little  effect  at  Lexington-Blue  Grass  and 
Aberdeen,  the  site3  from  which  stocks  a"e  moved. 
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The  effect  cf  mitigation  on  a  site-specific  basis  is  illustrated  in 
Figures  4-2  through  4-6  for  each  of  the  alternatives.  Exact  values  of 
expected  fatalities  ara  not  represented  on  those  bar  graphs  because  such 
information  could  reveal  classified  information.  Instead,  values  are  given 
to  the  nearest  order  of  magnitude.  Thus,  the  mean  value  for  expected 
fatalities  is  shown  on  the  graph  in  the  center  of  the  order-of-aagnitude 
range  in  which  it  falls.  For  example,  if  the  value  of  expected  fatalities 
is  8x10-4,  the  top  of  the  bar  is  placed  between  10*3  an(j  io-4,  The  reader 
should  note  that  the  figures  for  regional  disposal,  national  disposal,  and 
partial  relocation  do  not  incorporate  the  risk  along  the  transportation 
corridors.  There  is  no  measurable  effect  of  mitigation  on  the  risk  during 
transportation. 

Mitigation  should  substantially  reduce  the  risk  for  continued  storage 
at  all  sites  except  Pine  Bluff  and  Pv.clio,  3s  .•:hcwri  Figure  4-2.  The 
reduction  in  risk  dua  to  Mitigation  Revision  1  at  Newport,  Tooele  and 
Umatilla  is  largely  attributable  to  mitigation  of  the  accident  scenario 
involving  an  earthquake- caused  warehouse  fire.  At  Anniston  and  Lexington- 
Blue  Grass  the  mitigation  of  handling  accidents  is  the  major  contributor  to 
the  reduction  in  risk.  Mitigation  Revision  2  reduces  the  risk  at  Aberdeen 
by  two  orders  of  magnitude  by  reducing  the  probability  of  an  an  aircraft 
crash  on  ton  containers  in  open  storage.  Air  space  restrictions  reduce  the 
storage  risk  at  Anniston  by  about  90  percent  by  reducing  the  probability  of 
an  aircraft  crash  on  an  igloo. 

All  sites  ara  benefitted  by  Mitigation  Revision  1  for  the  on-site 
disposal  alternative,  as  illustrated  in  Figure  4-3.  At  Pueblo  the  value  of 
expected  fatalities  is  too  low  to  show  the  benefit  for  mitigation.  At  all 
of  the  sites  the  major  contributor  to  the  reduction  in  risk  is  the  mitiga¬ 
tion  of  plant  operations  accidents.  At  Aberdeen,  Newport,  and  Pueblo  the 
mitigation  of  the  effects  of  an  earthquake  provides  the  greatest  benefit; 
at  the  other  sites,  reducing  the  probability  of  a  detonation  in  the  DUN  is 
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FIGURE  4-2 

RISK  COMPARISON  FOR  CONTINUED  STORAGE  ALTERNATIVE 
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FIGURE  4-4 

HiSX  COMPARISON  FOR  REGIONAL  DISPOSAL  ALTERNATIVE 


(FUa!i  Along  Trsn*  ports  tJcn  Corridor  Hot  Included) 

FIGURE  4-5 

RISK  COMPARISON  FOR  NATIONAL  DISPOSAL  ALTERNATIVE 


the  most  important  mitigati.cn  measure.  At  Tocele  the  mitigation  of  hand¬ 
ling  accidents  also  has  an  appreciable  offset  on  risk.  Restricting  air 
space  does  not  appreciably  reduce  risk  for  on-site  disposal. 

Figures  4-4  and  4-5  illustrate  the  fact  that  mitigation  has  little 
potential  for  reducing  the  risk  for  the  regional  or  national  disposal 
alternatives.  At  no  site  is  the  effect  sufficient  to  reduce  the  expected 
fatalities  from  one  rar.go  of  values  to  another,  except  at  Tooele  (national 
disposal).  In  this  case,  the  reduction  is  less  than  one  order  of  magnitude 
but  is  shown  on  the  graph  as  a  reduction  because  the  value  moves  from  ona 
range  to  another. 

As  shown  in  Figure  4-6,  there  is  no  appreciable  reduction  in  risk  at 
the  two  sites  (Aberdeen  and  Lexington- Blue  Grass)  from  which  stocks  are 
coved  by  air.  The  effect  of  mitigation  at  the  other  sites  is  attributable 
primarily  to  mitigation  of  plant  operations  accidents. 
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INTRODUCTION 

The  purpose  of  this  paper  is  to  provide  an  overview  of  the  comprehensive 
Facility  System  Safety  (TASS )  effort  that  has  been  inpleaented  for  the 
Chemical  Stockpile  Disposal  Program  (CSDP)  facility  and  process  design.  This 
system  safety  effort  will  ensure  that  the  destruction  of  the  chemical  agent 
stockpile  is  accomplished  in  a  manner  that  protects  the  environment,  the 
general  public,  and  the  personnel  involved  in  the  destruction  process. 

BACKGROUND 

The  enactment  of  Public  Law  99-145  directed  the  Department  of  Defense 
(DOD)  to  destroy  this  nation's  stockpile  of  lethal  unitary  cheaical  (nerve  and 
blister)  agents  stored  in  various  munition  items  and  bulk  containers  at  eight 
Array  installations  throughout  the  continental  United  States.  These  locations 
include: 

o  Aberdeen  Proving  Grounds  (APG) ,  Maryland 
o  Anniston  Army  Depot  (ANAD) ,  Alabama 
o  Lexington-Blue  Grass  Army  Depot  (LBAD) ,  Kentucky 
o  Newport  Army  Ammunition  Plant  (NAAP) ,  Indiana 
o  Pine  Bluff  Arsenal  (PBA) ,  Arkansas 
o  Pueblo  Depot  Activity  (PUDA) ,  Colorado 
o  Tooele  Army  Depci-  (TEAD) ,  Utah 
o  Umatilla  Depot  Activity  (UNDA) ,  Oregon 

The  lethal  agent  stockpile  consist  of  two  types— -nerve  and  blister — and 
are  configured  in  explosive  and  nonexplosive  munition  items  and  bulk  type 
containers.  A  listing  of  these  chemical  uunitions  and  their  locations  are 
summarized  in  Table  1. 

DESTRUCTION  PROCESS 

Presently,  there  are  two  technologies  available  for  destruction  of  the 
chemical  agent  stockpile.  These  include  the  baseline  technology,  which  has 
had  extensive  testing  at  the  Army's  Chemical  Agent  Munition  Disposal  System 
(CAHDS)  at  Tooele,  Utah,  and  the  cryofracture  technology,  which  has  been  under 
research  and  development  for  the  past  six  years.  The  major  difference  between 
the  two  technologies  is  the  method  by  which  access  is  made  to  the  explosive 
component  and  chemical  agent.  The  baseline  technology  consists  of  mechanical 
disassembly  or  penetration  of  the  munitions,  separation  of  the  agent  and  any 
energetic  materials  (explosives  and  propellants) .  The  cryofracture  utilizes 
liquid  nitrogen  to  embrittle  the  munition  items  and  a  mechanical  process  to 
fracture  and  expose  all  the  contents.  Both  technologies  ultimately  provide 
thermal  destruction  of  the  agents  and  explosive  components  in  specially 
designed  incinerators.  The  technology  that  has  been  selected  and  will  be 
utilized  for  the  CSDP  is  the  baseline  technology.  Research  and  development  is 
continuing  for  the  cryofracture  technology  with  a  pilot  plant  eventually  to  be 
located  at  Tooele  Array  Depot. 

FACILITY  SYSTEM  SAFETY 

The  overall  objective  of  the  CSDP  is  to  provide  for  safe  destruction 
of  the  chemical  agent  stockpile.  This  is  an  objective  that  is  shared  by 
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TABLE  1.  Chemical  aunitions  stored  in  the  continental  United  States 


Cheaical  aunitions/ageat  APG  ANAD  L3AD  MAP 

PBA 

PUDA 

TEAD* 

UHDA 

Bustard  agent  (H,  HD,  cr  HT) 

105-sia  projectile  {HD) 

X 

X 

155-aua  projectile  (H,  2D) 

X 

X 

X 

X 

4.2-in.  nortar  (HD,  BT) 

X 

X 

X 

Ton  container  (HD) 

X  X 

X 

X* 

X 

X 

Ton  container  (HT) 

X 

Agent  GS 

105-aua  projectile 

X 

X 

155-mm  projectile 

X 

X 

X 

8-in.  projectile 

X 

X 

X 

X 

M-55  rocket 

2 

X 

X 

X 

X 

500-lb  bonb 

X 

750-lb  bonb 

X 

X 

Weteye  bonb 

X 

Ton  container 

X* 

x*> 

yb 

X 

X* 

Agent  VX 

155-nn  projectile 

X 

X 

X 

X 

8-in.  projectile 

X 

X 

H55  rocket 

X 

X 

X 

X 

X 

B23  land  'nine 

X 

X 

X 

X 

Spray  tank 

X 

Ton  container 

X 

X* 

•Snail  quantities  of  Lewisite (L)  and  tabun  (GA)  are  stored  in  ton  containers 
at  TEAD. 

bSaall  quantities  of  agent  drained  as  part  of  the  DATS/H55  assessment. 


management,  designers,  and  safety  personnel  alike.  This  understanding  by  the 
design  team  of  the  risks  involved  in  agent  and  explosive  component  destruction 
has  enabled  this  design  to  proceed  achieving  a  balance  of  safety,  cost  and 
operational  effectiveness. 

■  «•» 

•  SYSTSH  SAFETY  PROGRAM  PLAN  (SS?P) 

The  SSP?  for  the  CSDP  was  prepared  to  implement  and  manage  the  system 
safety  effort  in  accordance  with  MIL  STD  8825,  AMC-R  335-3,  AR  385-16,  BODI 
5000.36,  and  HNDP  385-3-1.  The  SSP P  documents  how  the  contractual  safety 
tasks  will  be  performed  to  assure  the  highest  attainable  level  of  safety.  The 
SSPP  describes  interfaces  between  various  program  elements  and  their  schedule 
and  the  system  safety  program  elements.  {Figure  1). 

The  SSP?  detail  methods  and  procedures  that  will  be  used  in  evaluating  and 
accessing  the  risks  associated  with  operations  of  the  CSDP.  The  risk  assess¬ 
ment  methods  that  were  developed  are  used  to  access  the  impact  of  an  incident 
on  workers,  the  general  population  and  the  system.  This  required  establishing 
and  defining  levels  of  hazard  severity  and  frequency  unlike  most  risk  matrix 
assessment  approaches  in  that  it  required  the  evaluation  of  hazards  of  toxic 
agent  release  to  both  on  post  and  off  post.  This  was  done  from  downwind 
hazard  calculations  from  postulated  agent  release  scenarios.  Table  2  is  used 
to  assign  hazard  severity  classifications  to  various  populations  and  to  the 
facility,  based  on  incidents  that  could  occur.  Hazard  probability  levels 
(Table  3)  incorporate  quantitative  probabilities  to  an  otherwise  qualitative 
assessment.  The  advantage  of  this  approach  is  that  the  safety  review  group, 
which  all  have  extensive  safety  and  hazard  analysis  experience,  can  easily 
apply  quantitative  probability  levels  rather  than  generic  qualitative  descrip¬ 
tion  of  hazard  probabilities.  A  risk  matrix  Table  4  provides  for  evaluation 
and  defines  acceptability  criteria  for  the  identified  hazards. 

SAFETY  DESIGN  REQUIREMENTS  MANUAL 

The  Safety  Design  Requirements  Manual  for  the  CSDP  was  developed  to 
provide  special  safety  requirements  for  incorporation  in  the  design  of 
facility  and  process  equipment.  This  manual  is  utilized  by  the  design  team 
as  a  design  tool  to  ensure  that  existing  safety  design  criteria,  requirements 
developed  for  the  CAMDS,  the  Johnston  Atoll  Chemical  Agent  Disposal  System 
(JACADS) ,  as  well  as  other  Army  and  industrial  standards  are  fully  incor¬ 
porated  into  the  design.  In  addition,  many  special  safety  design  criteria 
have  been  developed  and  incorporated  in  the  manual,  addressing  specific  poten¬ 
tial  toxic  and  explosive  hazards  associated  with  the  demilitarization  process. 

An  example  of  these  design  requirements  was  the  unique  requirements  for 
agent  vapor  control.  Due  to  the  toxicicity  of  the  agents,  specific  ventila¬ 
tion  design  criteria  was  established  by  this  design  manual  to  collect  and 
prevent  agent  contamination  of  work  areas  as  veil  as  release  to  the  outside. 
The  general  approach  wa3  to: 

o  Collect  and  exhaust  agent  vapors  from  the  work  areas. 

o  Provide  mixing  of  air  that  was  essential  for  monitoring  work  areas  with 
agent  detection  devices. 

o  Provide  negative  pressure  within  work  area  to  eliminate  the  escape  of 
agent  vapors. 
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TABLE  3  -  CSDP  Hazard  Severity  Levels* 
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TABLE  3  -  Assigned  CSD?  Probability  Levels 


Qualitative 

Probability 

Agent  Release 

Off  Post  On  Post 

Personnel 

Injury/Illnessas 

Syatea 

Loss 

A  -  Frequent 

>1  x  10-* 

>1  X  10-i 

>1.2  x  10* /yr 

>1  x  10« 

B  -  Probable 

H  x  10-3 

11  x  10-» 

>1  x  10° /yr 

>1  x  10-* 

C  -  Occasional 

>1  x  10-« 

>1  x  10-3 

>1  x  10-»/yr 

>1  x  10-* 

D  -  Reaote 

>1  x  10-3 

H  x  10-* 

1  x  10-«/yr 

>1  x  10-» 

E  -  Iaprobabl* 

<1  x  10-» 

<1  x  10~« 

>1  x  10-Vyr 

<1  x  10-< 

TABLE  4  -  RisX 

Assessment  Code  (RAC)  Matrix 

Qualitative 

Severity  Level 

Probability 

1 

II 

III 

IV 

A 

1 

1 

1 

3 

B 

\ 

1 

2 

3 

C 

1 

2 

3 

4 

D 

2 

2 

3 

4 

E 

3 

3 

3 

4 

Acceptability 

criteria: 

RAC 

Description 

1 

Unacceptable 

2 

Undesirable 

3 

Acceptable  with  controls 

4 

Acceptable 
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The  ventilation  criteria  (Table  5)  established  minimum  capture  velocities, 
minimum  room  air  change  requirements,  and  minimum  pressure  differential 
requirements  for  the  facility. 

This  manual  has  been  extremely  important  for  the  designer  and  will  ensure 
consistent  application  of  safety  design  criteria  to  the  CSDP  throughout  the 
design  effort. 


SAFETY  REVIEW 

The  purpose  of  the  safety  review  is  to  verify  that  the  criteria  estab¬ 
lished  in  the  Safety  Design  Requirements  Kanual  is  incorporated  in  the  design 
and  to  verify  that  the  hazards  identified  in  the  various  hazard  analyses  are 
adequately  mitigated.  In  addition,  verification  and  resolution  of  various 
safety  problems  are  monitored  as  a  portion  of  this  effort. 

Application  of  the  safety  review  task  is  being  conducted  throughout 
the  design  effort.  This  safety  review  process  is  being  utilized  tc  track 
hazards  or  design  deficiencies  to  ensure  compliance  with  design  goals  or 
criteria  and  to  identify  the  ri3k  before  and  after  mitigation.  The  safety 
review  task  has  been  an  effective  safety  engineering  tool  to  ensure  that 
hazards  are  identified  and  monitored  until  corrective  action  has  been 
completed. 

PRELIMINARY  HAZARD  ANALYSIS  (PBA) 


The  PHA  is  being  developed  to  ensure  that  potentially  hazardous  system 
failures  are  identified  early  in  the  design  process  and  that  corrective  design 
changes  are  implemented.  The  output  of  the  PHA  has  identified  numerous  design 
deficiencies  that  have  been  corrected  in  the  early  design  phase  with  minimal 
impact  on  cost  or  schedule. 

The  PEA  utilizes  failure  modes  and  effects  analysis  (FMEA)  methodology  for 
the  analysis  (Figure  2).  Thus  far,  over  700  events  have  been  analyzed  for 
their  effect  on  system  performance.  The  PHA  has  been  effective  in  identify¬ 
ing,  evaluating,  and  assessing  the  risk  on  this  complex  project  The  PHA  has 
focused  primarily  on  explosive  and/or  toxic  chemical  hazards  but  has  been 
useful  in  identifying  general  industrial  hazards. 

SYSTEM  HAZARD  ANALYSIS  (SHA) 


The  SHA  is  presently  under  development  for  the  CSDP.  The  current  SHA 
is  essentially  a  continuation  of  the  PHA,  utilizing  more  advanced  techniques 
and  procedures  in  an  attempt  to  analyze  the  complicated  process  that  has 
developed.  The  approach  for  the  SHA  has  been  to  use  available  software 
programs  to  analyze  a  number  of  accident  -initiating  events. 

One  of  the  major  efforts  for  this  task  has  been  the  development  and 
identification  of  accident  sequences  and  their  potential  consequences.  This 
effort  utilizes  the  event  tree  methodology  and  has  developed  a  list  of  major 
potential  accident  sequences  that  will  be  quantified  using  the  fault  tree 
methodology. 
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TABLE  5  -  CSDP  Ventilatioa  Criteria 


FIGURE  2 

failure  mode  ahb  effects  analysis  .<cu  sheet 


RISK  MITIGATION 


In  support  of  the  Environmental  Impact  Statement  (EIS)  for  the  CSDP,  risk 
analyses  were  performed  to  identify  and  evaluate  measures  for  reducing  the 
public  safety  risk  from  implementing  the  various  alternatives  under  considera¬ 
tion  for  disposal  of  the  chemical  agent  stockpile.  These  analyses  evaluated 
major  activities  for  storage,  handling,  on-site  transport,  plant  operations, 
and  off -site  transport  for  the  relocation  alternatives.  These  analyses  were 
performed  by  Oak  Ridge  Rational  Laboratory,  The  HI7RE  Corporation,  and  GA 
Technologies,  Incorporated.  The  role  played  by  the  FASS  Program  was  the 
evaluation  of  the  alternatives  required  to  mitigate  the  unacceptable  risk 
during  plant  operations. 


For  those  identified  risks,  alternatives  were  evaluated  to  (1)  reduce  the 
frequency  of  occurrence  of  an  accident,  (2)  reduce  the  quantity  of  an  agent 
source  present,  and/or  (3)  reduce  the  dispersion  in  the  environment  following 
the  occurrence.  Those  risks  associated  with  plant  operations  were  evaluated 
as  a  part  of  the  FASS  effort.  This  provided  an  established  procedure  for 
evaluating  risk  and  recommending  mitigation  measures  that  were  consistent  with 
the  overall  design  effort. 


tJALITY  ASSURANCE,  SIGNIFICANT  ITEM  LIST 


As  a  part  of  the  Quality  Assurance  (QA)  effort  for  the  CSDP,  significant 
items  for  the  process  are  being  identified.  A  significant  items  list  (SIL) 
for  facility  and  process  equipment  is  being  developed  to  ensure  that  the 
appropriate  quality  control  measures  are  applied  to  equipment. 

The  QA  classifications  established  in  the  General  Design  Criteria  (GDC) 
for  the  CSDP  facilities  are  as  follows: 

(1)  QA  Class  I:  Applies  to  those  structures,  systems,  or  components 
whose  failure  or  malfunction  would  detrimentally  affect  the 
following  safety  functions: 

(a)  Containment  (liquid/vapor  agent  or  explosion) . 

(b)  Plant  safe  shutdown  and  safety  of  plant  personnel. 

(c)  Off-site  release  of  toxic  material  affecting  the  health  and 
safety  of  the  public. 

In  addition,  QA  Class  I  includes  those  items  and  activities  that,  as 
a  result  of  being  defective,  cause  extensive  damage  to  equipment  or 
long-term  stoppage  of  the  process.  Thus,  the  most  proficient  degree 
of  controls  for  the  applicable  QA/QC  elements  identified  within 
military  specification  MIL-Q-9858A  shall  be  implemented,  including 
audits  of  documentation  and  records. 

(2)  QA  Class  II:  Includes  those  items  and  activities  that,  as  a  result 
of  being  defective,  could  adversely  affect  the  reliability, 
operability,  and/or  safety  of  the  facility/equipment  and  personnel, 
causing  limited  damage  or  temporary  shutdown  of  the  process. 
Accordingly,  sufficient  controls  shall  be  applied  to  QA/QC  elements 


for  inspection,  test,  nonconformance,  corrective  action,  documenta¬ 
tion,  and  records  in  accordance  with  MIL-I-45208A  during  design, 
procurement,  and  construction.  When  design  changes  under  configu¬ 
ration  controls  are  also  required,  the  QA/QC  element  required  for 
design  activities  shall  also  adhere  to  MIL-Q-985SA. 

OA  Class  III;  Includes  those  items  and  activities  that  do  not 
adversely  affect  the  reliability,  capability,  and/or  safety  of  the 
facility  or  equipment  if  failure  were  to  occur.  Appropriate 
referencing  of  industrial  codes  or  standards  (in  combination  with 
testing,  inspections,  and  good  worXmanship) ,  both  specified  within 
the  specification  and  procurement  documents,  are  sufficient. 
Documents  specifically  required  shall  be  delineated  in  technical 
data  packages.  Off-the-shelf  items  may  be  included  in  this  class¬ 
ification. 


As  the  required  quality  of  a  particular  piece  of  equipment  is  based  upon 
its  ability  to  provide  containment  of  vapor  and/or  liquid  agent,  contain 
explosive  forces,  provide  safe  shut  down  of  the  plant,  etc.,  it  was  logical  to 
apply  system  safety  procedures  to  evaluating  the  SIL.  Many  items  of  the  S1L 
had  already  been  evaluated  during  development  of  the  PSA  and  application  of 
the  same  procedures  in  evaluating  the  remaining  items  is  ensuring  a  consistent 
method  for  assigning  CA  Classifications.  The  logic  for  determining  the  QA 
classification  is  shown  in  Figure  3.  Application  of  the  established  Risk 
Assessment  Criteria  has  ensured  consistency  in  evaluation  of  the  risks 
associated  with  the  use  and  failure  of  equipment. 

SAFE  RESPONSE  OF  PLANT  SYSTEMS  TO  POSTULATE-  FAILURES 

this  study  was  performed  to  evaluate  safe  response  of  the  CSDP  plant 
systems  and  the  required  operator  actions  in  the  event  of  a  postulated 
failure.  The  report  reviewed  24  selected  postulated  failures  describing  both 
plant  and  operator  responses  to  the  failure.  The  criteria  that  was  used  to 
evaluate  potential  safety  concerns  were: 


(!)  Migration  of  detectable  quantity  of  agent  from  toxic  to  nontoxic 
areas. 

(2)  Agent  release  to  the  outside  environment. 

(3)  Increased  risks  to  the  health  or  safety  of  plant  workers, 
installation  personnel,  or  general  public. 

(4)  Major  equipment  or  facility  damage. 

In  general,  the  study  revealed  that  the  plant  responded  appropriately  to 
the  postulated  failures  and  identified  areas  for  design  changes  or  additional 
study. 

POWER  SYSTEM  AVAILABILITY 

This  study  was  to  determine  the  maximum  time  that  a  total  power 
outage  could  exist  without  compromising  the  integrity  of  the  Munition 
Demilitarization  Building  (MBB).  Tne  integrity  of  the  MDB  was  considered 
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to  be  compromised  when  toxic  agent  is  above  the  acceptable  level  in  one  or 
more  nontoxic  area3  or  when  agent  is  released  to  the  outside  environment. 

The  results  of  this  study  established  additional  safety  criteria  for  safe 
operation  and  shut  down  during  plant  upset  conditions. 

gem  FACTOR  SNGIN^FF.IMC  (KFS)  DESIGN  CRITERIA 

Similar  to  the  requirements  for  the  Safety  Design  Criteria  Manual  and 
safety  review  effort,  an  HFE  design  criteria  manual  was  developed  to  ensure 
that  the  unique  man-machine  interface  requirements  are  maintained. 

The  criteria  is  intended  to  ensure  that: 

(1)  Personnel  can  safely  and  adequately  perform  required  operator 
and  technician  functions  when  wearing  protective  clothing. 

(2)  Operators  can  effectively  monitor  and  remotely  control  equipment 
operations  normally  controlled  automatically  by  the  control 
system. 

(3)  Personnel  can  safely  handle  highly  toxic  and  explosive  materials 
using  gloveboxes,  if  required. 

(4)  Workspace,  environment,  maintainability,  communications, 
control/display  panel,  and  hazard  protection  and  safety  designs 
conform  to  well-established  human  factors  engineering  criteria. 

The  design- is  continually  reviewed  to  ensure  adherence  to  the  HFE  design 
criteria. 

CONCLUSION 

The  PASS  effort  for  the  CSD?  process  and  facility  design  is  ensuring  that 
risk3  associated  with  this  demilitarization  program  are  maintained  at  a  level 
consistent  with  mission  requirements.  This  FASS  effort  is  perhaps  the  most 
intensive  safety  effort  ever  applied  to  a  DOD  facility/procsss  design.  Its 
success  is  a  result  of  managers  and  designers  commitment  to  providing  a  design 
that  will  safely  dispose  of  this  nations  unitary  chemical  agent  stockpile. 

The  FASS  techniques  and  studies  that  have  been  discussed  represent  a 
portion  of  the  overall  safety  effort  thus  far  performed  on  the  CSD?  design. 
Additional  safety  studies  will  be  required  as  the  design  progresses,  and  they 
too  will  be  managed  in  accordance  with  the  SSPP  to  ensure  consistent  applica¬ 
tion  of  the  established  safety  criteria. 

The  CSDP  Program  has  had  and  will  continue  to  have  oversight  by  environ¬ 
mental  and  public  concerns.  This  FASS  effort  will  serve  to  demonstrate  that 
extraordinary  efforts  are  being  made  to  ensure  the  safe  design  and  operation 
of  the  demilitarization  facility. 


DESIGN  AND  ACQUISITION  OF  STANDARD  FACILITIES  FOR  THE 
DISPOSAL  OF  OBSOLETE  LETHAL  CHEMICAL  MUNITIONS 


Paul  M.  LaHoud ,  U.S.  A  nay  Engineer  Division,  Huntsville 
Huntsville  Alabama,  35307-4301 

ABSTRACT 

Public  Lav  99-145  (1986)  requires  that  the  Department  of  Defense 
design,  procure  and  operate  process  disposal  facilities  for  the 
sole  purpose  of  destroying  the  U.S.  stockpile  of  obsolete  unitary 
lethal  chemical  munitions.  Almost  94%  of  these  stockpiles  is 
stored  at  eight  locations  in  the  U.S.  and  constitute  a  serious 
long  term  hazard  to  the  public  safety  and  die  environment,  as  veil 
as  a  significant  security  risk.  The  direct  implementation  of  this 
disposal  mission  lies  with  the  Department  of  the  Army.  The 
extremely  hazardous  nature  of  these  disposal  operations  require 
that  all  facilities  will  be  adaptations  of  a  standard  design 
developed  from  a  prototype  plant.  This  paper  discusses  the 
development  of  these  facility  designs  and  the  multiple  safeguards 
provided  to  assure  safe  operations. 


BACKGROUND 

The . Department  of  Defense  (BOD)  currently  maintains  a  large  stockpile  of 
munitions  and  bulk  storage  items  containing  unitary  lethal  chemical  agents. 
These  stockpiles  are  maintained  as  a  deterrent  to  the  use  of  similar  weapons  - 
by  other  nations.  Figure  1  gives  the  types  of  agent  and  storage  configuration 
maintained  in  the  stockpile.  Almost  94%  of  the  total  stockpile  is  stored 
within  the  Continental  United  States  (CONUS) .  Approximately  61%  of  this 
stockpile  is  stored  in  bulk  form  (ton  containers  or  spray  tanks) .  Figure  2 
shows  the  storage  sites. 

The  munitions  and  storage  containers  in  the  stockpile  wore  manufactured 
and  assembled  from  twenty  to  forty  years  ago.  Many  of  these  munitions  and 
bulk  containers,  as  well  as  the  explosives,  propellant  and  agent  contained  in 
them,  are  deteriorating  and  are  beginning  to  represent  a  serious  long  term 
storage  problem.  Significant  maintenance  efforts  are  required  to  assure 
continued  environmental  and  personnel  safety  at  the  storage  sites.  In 
addition,  weapons  systems  capable  of  delivering  many  of  these  munitions  are  no 
longer  in  use  within  the  U.S.  military  services.  Adding  to  these  concerns  in 
recent  years  is  Che  perceived  risk  of  terrorism.  As  a  result,  physical 
security  has  become  a  u&jor  issue. 

Prior  to  1970  ocean  dumping  was  the  principal  means  of  elimination.  However 
rising  worldwide  environmental  concerns  resulted  in  a  moratorium  on  this 
disposal  procedure.  The  Department  of  the  Array  (DA)  commissioned  a  study  by 
the  National  Academy  of  Sciences  (NAS)  to  address  this  issue  (Raf  1).  The  NAS 
recommended  that  DA  avoid  ocean  dumping  in  the  future  and  initiate  systematic 
studies  to  accomplish  environmentally  safe  disposal  at  the  storage  sites.  DA 
subsequently  initiated  research  to  evaluate  and  develop  technologies  suitable 
for  this  purpose.  In  1979  the  first  prototype  disposal  facility  became 
operational  (Ref  2) .  This  plant  served  as  the  test  bed  for  evaluation  of 
alternative  disposal  technologies  to  be  used  for  subsequent  full  scale 
production  facilities. 


CHEKTCAL  STOCKPILE  DISPOSAL  PROGRAM 


Concern  at  the  national  level  with  the  deteriorating  condition  of  the 
stockpile  resulted  in  congressional  action  through  Public  Law  99-145  (Defence 
Appropriations  Act  of  1986).  This  law  required  that  DA  develop  a  plan  to 
implement  the  complete  destruction  of  all  unitary  lethal  chemical  munitions  by 
September  1994  (F.ef  3).  The  mission  was  identified  as  the  Chemical  Stockpile 
Disposal  Program  (CSDP) . 

Alternatives  considered  for  the  CSDP  included  a  single  national  disposal 
facility,  two  regional  facilities  and  on-site  destruction.  The  Programmatic 
Environmental  Impact  Statement  (PHIS)  recommended  cn-site  destruction  as  the 
safest  and  therefore  preferred  method  of  disposal.  Extended  environmental 
reviews,  as  well  as  a  delay  in  the  necessary  appropriations,  have  resulted  in 
the  estimated  completion  of  the  CSDP  being  revised  to  late  1997.  Figure  3 
summarizes  the  Army's  subsequent  actions  to  implement  the  CSDP  (Ref  5).  The 
1989  Defense  Appropriations  Act  accepted  the  recommendations  of  the  Army  and 
provided  initial  funding  to  achieve  that  objective. 

PROGRAM  HAIiACSHSKT 

Under  tha  acquisition  strategies  now  employed  within  DA,  program  management 
responsibility  for  the  CSDP  lies  with  the  Program  Executive  Officer  for 
Chemical  Demilitarization  (PEO-PM-CML-DML)  located  at  Edgevood  Arsenal. 
Contracting  for  enginee;  ing  services  for  both  the  process  and  facility  designs 
is  being  provided  by  the  Hur.tsvilla  Division,  Corps  of  Engineers  (CEHND) 
located  In  Huntsville  Alabama.  Corps  of  Engineer  Districts  will  provide 
engineering  services  within  their  geographic  regions  during  construction. 
Design  services  for  both  process  and  facilities  have  been  contracted  by  CEHND 
to  The  Ralph  M.  Parsons  Company,  Pasadena  California. 


DISPOSAL  PROCESS 

The  Army  has  systematically  pursued  development  of  the  necessary  technology 
for  production  scale  chemical  agent  denil  plants  since  1979.  Tha  guidelines 
for  this  work  in  agreement  with  NAS  recommendations  are: 

-  ABSOLUTE  SAFETY  AND  SECURITY  RATHER  THAN  CC-ST  OR  TIME 

-  MAXIMUM  PROTECTION  FOR  OPERATING  PERSONNEL 

-  ABSOLUTE  ASSURANCE  OF  TOTAL  AGENT  CONTAINMENT 

-  ABSOLUTELY  NO  ENVIRONMENTAL  POLLUTION 

The  result  of  this  effort  has  been  the  development  of  the  so-called  reverse 
assembly  process.  Using  specially  designed  remotely  controlled  equipment, 
munitions  or  agent  containers  are  disassembled,  punched,  and  drained.  All 
agent,  explosive  and  propellant  are  then  incinerated,  along  with  any  other’ 
combustible  components  or  packing  materials,  Metal  munitions  bodies,  drained 
bulk  containers,  and  other  noncombustible  residue  of  the  process  are  thermally 
decontaminated  and  scrapped.  Figure  4  summarizes  tha  mechanical  technologies 
required  for  all  demil  operations.  Figure  5  is  a  functional  block  diagram  of 


processing  activities.  Munitions  with  explosives  or.  propellants  are  separated 
fresa  tiie  energetic  components  in  an  Explosive  Containment  Ruas  (ECR).  All 
other  munitions  or  bulk  containers  are  bardlet!  separately  and  drained. 
Ammunition  Peculiar  Equipment  (Arc)  developed  tor  the  dec'll  process  is  given 
for  each  site  in  Table  1.  All  incineration  an-i  thermal  decontamination  is 
accomplished  in  four  special  incinerators,  each  with  its  own  Pollution 
Abatement  System  (PAS) .  Table  7  lists  these  incineration  systems  ar.d  their 
function. 


R&D  TECHNOLOGY  DEVELOPMENT 

The  reverse  assembly  technology  was  developed  and  verified  in  more  than  10 
years  of  research  and  development  using  the  Chemical  Agent  Munition  Disposal 
System  (CAMDS)  located  at  Tacele  Depot.  Operations  at  this  facility  led  to 
development  end  prove  out  of  the  APE,  process  control  systems,  incineration 
/pollution  abatement  systaus,  and  monitoring  equipment.  In  addition,  extensive 
operational  experience  was  accumulated  in  the  processing  c /  lethal  agent. 
IUais_  js  shows  the  CANTS  ?.  o  D  disposal  facility.  Based  on  the  results 
obtained  from  CANDS  and  other  research,  design  of  a  prototype  production 
disposal  plant  was  initiated. 


PROTOTYPE  DISIOSAL  FACILITIES 

The  prototype  lethal  agent  production  disposal  facility  was  the  Johnston 
Atoll  Chemical  Agent  Disposal  System  (JACADS) .  This  facility  was  designed 
based  on  the  technology  created  at  CAHD3  and  further  developed  for  use  in  a 
sustained  production  environment.  It  is  located  on  Johnston  Atoll, 
approximately  700  nautical  miles  southwest  of  Hawaii,  whore  a  significant 
agent  stockpile  has  been  stored  for  a  number  of  years.  Figure  7  provides  the 
current  status  of  the  JACADS  program.  Initial  operations  at  JACADS  will  serve 
as  the  verification  test  bed  for  the  CSDP  on-site  disposal  facilities.  Details 
of  the  JACADS  plant  are  discussed  in  detail  in  References  6-7. 

A  non- lethal  disposal  plant  has  also  designed  and  constructed  at  Pine 
Bluff  Arsenal.  This  facilitiy  is  required  for  fha  destruction  of  the 
incapacitating  agent  BZ  which  is  stored  only  at  this  site.  This  plant  is  also 
based  on  the  reverse  assembly  incineration  process  and  its  background  is 
summarized  in  Figure  8.  The  BZ  facility  is  currently  in  operation  and  is 
providing  operational  data  which  will  support  the  future  lethal  plant 
operations . 

BASIS  OF  STANDARD  DESIGNS 

The  hazardous  nature  of  the  chemical  agents  being  destroyed  dictated  that 
the  design  of  the  COITUS  on-site  disposal  plants  be  Intensely  scrutinized  and 
managed.  Normal  design  development  end  coordination  activities  are  not 
considered  adequate.  Similarly,  standard  p 'to  dures  for  the  oversight  of 
facility  construction,  equipment  sequisiti  and  installation,  acceptance 
testing  and  operations  are  also  not  acceptable.  The  intent  of  the  CSDP  was- 
therefore  to  develop  closely  intt -rated  acquisition  procedures  based  on 
•standard"  disposal  plant  designs,.  These  designs  vculd  bo  as  nearly  identical 
as  possible,  given  the  variations  in  environmental  conditions,  siting  and 
inventory  at  each  disposal  site.  The  entire  life  cycle  of  the  design, 
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acquisition  and  operations  would  be  sublet  to  comprehensive  systems 
engineering  controls,  including  in-dspeh  safety  analysis,  quality  assurance 
program?  and  rigid  configuration  management.  The  safety  engineering  tasks 
being  performed  for  the  CSDP  are  shown  in  Figure  9.  These  safety  tasks  were 
initially  performed  on  the  JACADS  plant  and  then  modified  to  reflect  the  site 
specific  requirements  of  tha  CSDP  facilities.  Hazard  analyses  performed  in 
support  of  the  PEIS  identified  necessary  changes  to  the  JACADS  design 
resulting  from  hazards  specific  to  CONUS  operations.  Risk  Assessment  Codes 
(PJVC)  wore  the  basis  for  identifying  safety  critical  procoss  and  facility 
equipment  and  developing  quality  assurance  requirements.  Standardization  of 
designs  at  all  sites  would  assure  the  highest  degree  of  conformance  with 
critical  safety  and  enviroimsnt.il  requirements. 


DESIGN  CRITERIA 

Comprehensive  design  criteria  were  developed  to  ensure  standardization. 
These  include  a  program  level  General  Design  Criteria  Document,  sr.d  subsequent 
lower  level  implementation  guidance.  Flyura  10  shows  a  document  tree  for 
program  guidance.  Detailed  design  criteria  were  established  for  both 
facilities  ar.d  process  operations.  Onca  these  criteria  were  established 
configuration  management  was  iopleicanted  ard  development,  of  the  CSDP 
"standard"  designs  initiated.  Evolution  in  the  process  systems  resulting  from 
ongoing  testing  at  CAMDS  and  JACADS  as  well  as  operations  at  the  ?,Z  plant  are 
incorporated  on  a  continuing  basis  through  the  Engineering  Change  Proposal 
(ECP)  procedures  of  the  configuration  management  system.  Tnese  formally 
controlled  design  criteria  maximize  the  standardization  of  the  design  efforts. 
Use  of  proven  JACADS  technology  is  a  major  programmatic  objective.  Identical 
process  equipment  cr.d  systems  are  to  be  used  for  all  on-site  disposal  plants 
unless  specific  variation  is  approved  by  ECP. 


INTEGRATED  DESIGN 

Conventional  engineering  practice  within  the  Army  would  normally  result  In 
separate  designs  of  the  demil  process  systems  and  ths  facilities.  Usually  the 
process  Resign  would  be  accomplished  prior  to,  and  generally  independent  of, 
the  design  of  the  facilities  and  be  performed  by  a  different  design  firm.  The 
design  of  the  JACADS  plant  was  accomplished  in  this  fashion.  Lessons  learned 
during  the  design,  construction  and  equipment  Installation  for  JACADS  clearly 
indicated  that  a  higher  degree  of  coordination  and  design  integration  would  be 
needed  to  implement  the  design  of  standard  disposal  facilities  at  multiple 
sites  In  the  CSDP.  This  integration  was  achieved  through  the  use  cf  a  single 
design  contract  to  accomplish  both  process  and  facility  designs.  Thus  a  single 
design  team  would  become  intimately  familiar  with  all  the  design  criteria  and 
develop  a  programmatic  learning  curve.  This  design  team  would  develop  the 
"standard"  disposal  plant  and  then  adapt  It  to  each  on-site  location.  This 
process  was  nicknamed  "cloning*  for  obvious  reasons.  All  design  drawings  were 
developed  on  a  Computer  Aided  Drafting  (CAD)  system.  Once  the  initial  standard 
design  was  completed  all  subsequent  on -site  designs  would  use  all  existing- 
available  eysteu  and  facility  design  drawings  and  specifications,  requiring 
only  sita  adaptation  design  efforts.  This  procedure  greatly  reduces  the  design 
effort  as  well  as  improving  configuration  control  and  quality  assurance. 


STANDARD  DFS1CHS 


Criteria  requirements,  site  specific  munitions  inventories,  local 
environmental  conditions  and  life  cycle  costs  studies  resulted  in  development 
of  two  standard  disposal  plant  designs.  One  design  will  be  a  aixed  munition 
plant  which  will  be  capable  of  processing  all  agent  configurations.  There  will 
be  a  requirement  for  five  such  facilities;  Tooele  (TEAD) ,  Anniston  (AKAD) , 
Umatilla  (UMAD)  Pueblo  (FUAD)  and  Lexington  (L8AD) .  The  second  standard  'fill 
bo  a  bulk  item  plant.  This  design  will  be  used  at  locations  which  do  not  have 
any  explosively  configured  munitions .  This  plant  will  be  required  at  two 
locations ;  Newport  (NAAP)  and  Aberdeen  (APG) .  Only  minor  changes  will  be  made 
to  adapt  either  of  these  standard  plants  to  local  environmental  conditions  at 
each  site.  All  support  facilities  will  also  be  site  adaptable  standard  designs. 

In  addition  to  the  two  standard  designs,  two  other  designs  will  also  be 
required  to  complete  the  CSC?.  One  of  these  is  a  modification  of  the  existing 
con* lethal  SZ  plant  now  in  operation  at  Pins  Bluff  Arsenal  (PBA).  A  unique 
design  will  be  required  to  adapt  this  plant  for  lethal  agent  after  It 
completes  its  current  mission.  This  retrofit  design  will  still  be  standardized 
to  the  maximum  extent  practicable,  and  will  be  required  to  conform  to  all 
critical  programmatic  criteria.  The  other  unique  design  is  that  of  a  Central 
Training  Facility  (CTF) ,  to  be  located  at  Edgawood  Arsenal  near  the  Program 
Manager's  office.  Tills  facility  will  be  used  to  provide  highly  standardized 
central  training  for  initial  and  recurrent  certification  for  all  plant 
operating  personnel.  The  programmatic  schedule  has  resulted  in  the  first 
designs  being  the  mixed  munition  plant  at  Tooele,  Utah,  and  the  Central 
Training  facility  at  Edgewood  Arsenal. 


ENGINEERING  MODELS 

In  addition  to  the  use  of  CAD  for  the  design  process,  the  CSDP  will  make 
maximum  use  of  engineering  scale  models.  These  models  will  ba  constructed 
during  tha  design  and  will  be  used  for  coordination  and  checking  of  the 
process  and  facility  drawings.  Subsequently  a  model  will  be  located  at  each 
site  during  construction,  equipment  installation  and  operations.  Such  models 
are  indispensible  for  facilities  of  the  complexity  of  Demil  plants.  A  model 
will  also  ba  located  at  the  CTF  during  training  operations. 


CRITICAL  SAFETY  FEATURES  OF  PLANTS 

Total  containment  of  chemical  agent  is  the  predominant  safety  goal  of 
the  CSDP  disposal  facilities.  Agent  in  any  form  must  not  be  allowed  to  escape 
during  processing.  To  achieve  this  the  facilities  are  designed  as  tightly 
sealed  cascaded  negative  pressure  ventilation  structures.  Air  handling  units 
provide  supply  air  which  is  then  distributed  through  functional  areas  of  the 
building  with  progressively  greater  negative  pressures.  The  required  negative 
pressure  in  any  area  is  a  function  of  tha  probability  of  agent  contamination 
in  that  area  during  processing.  In  addition  to  negative  pressures,  minimum' air 
changes  are  also  required  for  each  ventilation  category.  Table  3  defines 
the  criteria  used  to  establish  ventilation  requirements  in  the  facility. 

Since  the  mixed  munitions  plants  must  process  weapons  with  explosives, 
propellants  and  other  energetic  materials,  operations  for  removal  of  these 
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hazardous  components  are  performed  remotely  in  Explosive  Containment  Rooms 
(ECRs).  Figure  12  shows  tho  general  configuration  of  the  ECR3  within  the 
facility.  Tnese  rooms  are  designed  in  accordance  with  procedures  given  in  TM5- 
1300  as  described  in  detail  in  Raforoncc  7. 

The  continuous  maintenance  of  negative  pressures  within  the  Munitions  Deoil 
Building  is  critical  to  tho  containment  criteria  and  requires  a  high  degree  of 
reliability  in  the  electrical  power  systea.  Extensive  a-  a lysis  for  each  site 
is  required  to  define  the  degree  and  type  of  redundancy  provided.  Typically 
each  plant  will  be  provided  with  a  single  commercial  pov/er  source,  backed  up 
by  two  emergency  generators.  Each  emergency  generator  can  support  iOO’i  of  all 
electrical  loads  defined  as  "essential"  to  safe  shutc'owi  of  the  plant, 
including  the  ventilation  systea.  In  addition  a  1C0%  rcc undent  45 -minute 
uninterruptible  power  supply  (UPS)  is  also  provided  for  life  safety  critical 
systems.  Table  A  shows  the  allocstion  of  electrical  load  \  to  each  type  of 
back-up  systea. 

F-xtensive  agent  monitoring  systems  are  provided  within  the  Munitions 
Demil  Building,  the  associated  support  facilities  and  on  the  installation 
areas  adjacent  to  the  site.  Rapid  monitoring  response  is  critical  to  life 
safety.  Hie  primary  monitoring  system  for  this  purpose  will  be  the  Automatic 
Continuous  Air  Monitoring  Systea  (ACAHS). 

An  In-depth  Quality  Assurance  (QA)  prograa  his  been  developed  for  the  entire 
CSDP.  Risk  Assessment  Codes  (RAC)  are  developed  In  accordance  with  procedures 
defined  by  the  System  Safety  Program  Plan,  based  on  methodologies  given  in 
Mil-Std-  8823.  These  RAC  levels  are  used  as  the  the  ba.'is  for  development  of  a 
Significant  Items  List  (SIL) .  QA  classes  for  the  SIL  are  assigned  in 
accordance  with  criteria  given  in  the  programmatic  General  Design  Criteria  and 
repeated  in  Table  5. 


PROGRAMMATIC  SUMMARY 

The  detailed  implementation  plan  for  the  CSDP  is  described  in  Reference  5. 
The  schedule  presented  in  the  plan  is  shown  in  Figure  13.  Current  estimated 
programmatic  costs  are  given  in  Table  6. 

Acquisition  strategies  for  the  CSDP  are  based  or.  the  use  of  three  special 
contracts.  Major  safety  critical  process  equipment  will  be  provided  by  the  same 
contractor  and  vendors  that  supplied  the  JACADS  plant.  This  will  assure  the 
standardization  of  these  systems  program  wide.  Other  process  equipment  will  be 
provided  by  a  program  level  Equipment  Acquisition  Contractor  (EAu)  who  will  be 
selected  to  supply  all  other  standardized  equipment.  Finally,  A  System 
Contractor  (SO)  will  be  selected  to  operate  each  site.  This  contractor  will  be 
responsible  for  construction,  equipment  installation,  acceptance  testing, 
operations  and  plant  closure.  C-ne  request  For  Proposal  (RF?)  for  will  be 
issued  in  1939,  1991  and  1992.  It  is  possible  that  a  single  SC  may  operate 
multiple  sites.  All  SG  plant  operating  personnel  will  be  trained  and  certified 
at  the  CTF.  Both  the  designer  RKP,  and  the  Program  manager  will  maintain  field 
offices  at.  each  site  from  the  start  of  construction  through  acceptance 
testing.  PEO-PM-CML-DML  will  continue  to  provide  program  management  throughout 
the  life  of  the  Program.  This  programmatic  standardization  of  equipment, 
facilities,  training  and  management  is  intended  to  minimize  risk  and  provide 
the  maximum  probability  of  a  safe  successful  prograa. 
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CONCLUSIONS 


The  DA  has  entered  into  one  of  the  most  nationally  significant  and 
environmentally  sensitive  programs  in  history.  The  Program  is  subject  to 
widespread  and  intense  uanagement  as  well  as  independent  oversight  (See  Figure 
141 .  Every  effort  has  been  made  to  develop  a  comprehensive,  coordinated 
engineering  strategy  to  implement  this  program.  Standardization  of  design 
activities,  facilities,  equipment,  operations  and  training  are  key  elements  in 
in  phis  strategy.  Many  of  the  techniques,  both  in  engineering  and  procurement 
■ay  serve  as  forerunners  for  future  DA  programs. 
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CHEMICAL  STOCKPILE  DISPOSAL 
RECENT  PROGRAM  EVENTS 


3 

DEC 

87 

-  DRAFT  PROGRAMMATIC  EIS 
ISSUED 

23 

FEB 

88 

-  RECORD  OF  DECISION: 
(ON-SITE) 

15 

MAR 

88 

-  IMPLEMENTATION  PLAN  TO 
CONGRESS 

22 

MAR 

88 

-  CONGRESSIONAL  HEARING 
(HAC) 

FIGURE  3  -  SUMMARY  OF  RECENT  ARMY  ACTIONS 


MECHANICAL  TECHNOLOGIES  j 

MUNITION  TYPE 

DISPOSAL 


OPERATION 

ROCKETS 

MINES 

PROJECTILE 

BULK 

REMOVE 

f!ONE 

PUNCH 

REVERSE 

N/A 

EXPLOSIVES 

BOOSTER 

ASSEMBLY 

DRAIN 

PUNCH 

PUNCH 

PULL 

PUNCH 

AGENT 

ANO  DRAIN 

AND  DRAIN 

BURSTER  WELL 
AND  DRAIN 

AND  ORAIN 

METAL 

SHEAR 

NO  SIZE 

NO  SIZE 

NO  SIZE 

PARTS 

RETUCTION 

REDUCTION 

REDUCTION 

DUNNAGE 

NO  SIZE 

NO  SIZE 

NO  SIZE 

N/A 

REDUCTION 

REDUCTION 

.  _  _  .  _ 

REDUCTION 

< 

FIGURE  4  -  MECHANICAL  TECHNOLOGIES 
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JACADS  PROGRAM  MILESTONES 


o  START  FACILITY  CONSTRUCTION  JAN  86 

o  AWARD  O&M  CONTRACT  AUG  86 

o  OCEAN  SHIPMENT  I  (EQUIPMENT)  MAR  87 

o  COMPLETE  FACILITY  CONSTRUCTION  AUG  87 

o  OCEAN  SHIPMENT  II  (EQUIPMENT)  MAR  88 

o  RECORD  OF  DECISION  JACADS  SEIS  MAY  88 

o  COMPLETE  EQUIPMENT  INSTALLATION  OCT  88 

o  SYSTEM  INTEGRATION/SHAKEDOWN  OCT  88  - 

SEP  89 

o  START  OPERATIONAL  VERIFICATION  SEP  89 
NESTING 

o  START  ROCKET  OPERATIONS  JAN  91 


FIGURE  7  -  JACADS  PROGRAM  SUMMARY 

BZ  PROGRAM  MILESTONES 


o  COMPLETE  MCA  FACILITY  JAN  86 

CONSTRUCTION 

o  COMPLETE  PROCESS  EQUIPMENT  JAN  87 

INSTALLATION 

0  BEGIN  PLANT  TESTING/OPERATOR  JAN  87 
TRAINING 

0  COMPLETE  PLANT  PROVEOUT  APR  88 

O  BEGIN  BZ  DISPOSAL  OPERATIONS  APR  88 

o  COMPLETE  BZ  OPERATIONS/  MAR  90 

CLEANUP 


FIGURE  8  -  BZ  PROGRAM  SUMMARY 


SYSTEM  SAFETY  PROGRAM  PLAN 
SAFETY  DESIGN  REQUIREMENTS  MANUAL 
SAFETY  DESIGN  REVIEWS 
PRELIMINARY  HAZARD  ANALYSIS 
RISK  MITIGATION  STUDIES 
HUMAN  FACTORS  ENGINEERING  CRITERIA 
HUMAN  FACTORS  DESIGN  REVIEWS 


FIGURE  9  -  PROGRAM  SAFETY  ACTIVITIES 
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FIGURE  13  -  CSDP  SCHEDULE 
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TABLE  1  -  DEMTt  PROCESS  EOUIPNEJ1T 
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ncinina  mm 

1  rotary  kiln  type  tecs  used  to  process  all  comets  of  rockets 
and  lines  as  sell  as  bursters  and  fuses  from  ctlser  ssnitioss.  Will 
incinerate  sail  asousts  of  agent  residual  to  rcdet  and  sine  Wiles 
after  draining,  Also  incinerates  all  explosive,  propellant  fuses  and 
decoata&inates  regaining  satal  parts.  Followed  by  a  dedicated  Pollution 
Abatement  spies. 


UP)  BC33MTGR 

&  two  stage  liquid  incinerator  intended  to  destroy  all  agent  drained 
froa  tie  wniticns  and  Mk  containers.  Also  used  to  incinerate  spent 
decos  solutions.  Supported  If  its  m  Pollution  Abatement  systei. 

wl  nm  mm 

Tro  stage  furnace  to  tbsnally  decontainate  large  astal  parts 
including  drained  projectile  bodies,  bulk  containers  and  spray  tanks. 
Besiped  to  acc&cdate  appronsateiy  51  residual  agent  in  containers, 
dedicated  Pollution  Ikteseai  systss. 


mm  ncumioE 

Tw  stage  furnace  to  incinerate  all  dunnage  fro  packing  containers  as 
fell  as  coatasiaated  clothing,  fill  also  tkrsally  decontaminate  eipty 
lias  d Iras,  sstil  banding  as  tell  as  spent  carbon  filter  materials, 
dedicated  let  Pollution  Ibateient  systei. 


TABLE  2  -  CSDP  INCINERATION  SYSTEM 


Tba  ventilation  system  1*  a  parallel/cascade  system  in  which  air  flows 
progressively  from  areas  with  lower  probability  of  contamination  toward  areas 
Of  greater  probability  and  then  to  the  filtration  system  and  the  exhaust 
•tack.  The  supply  air  flows  first  to  the  Category  C  areas  and  then,  in 
sequence,  to  Category  B  and  Category  A  areas  before  being  filtered  and 
axhausted  to  the  atmespbe-a. 

The  airflow  to  each  category  was  determined  by  the  following  minimum  air 
change  rates: 


Category 


Air  Changes /hr 


A 

B 

C 

D 


20 

10 

6 

Industry  standards 


The  differential  pressure  between  categories  is: 


Category 


Inches  of  Water 


A 

B 

C 

D 

E 


-0.73  to  -1.25 
-O.kO  to  -0.60 
-0.25 

Atmospheric  (0.0) 
♦0.1  to  ♦0.25 


A.  Area  Classifications 

The  TEAD  facility,  and  ti>-.  MDB  in  particular,  has  been  subdivided  into  a 
series  of  five  categories  that  designate  the  potential  agent  contamination  in 


various  work  areas.  These  categories 
Category 
A 

B 

C 

D 

E 


are  defined  as  follows: 

Definition 

Areas  that  have  routine  contamination, 
either  agent  liquid  or  vapor 

Areas  with  a  high  probability  of 
agent  vapor  contamination  resulting 
from  routine  operations 

Arras  with  a  low  pro’ ability  of 
agent  vapor  contamination 

Areas  that  are  unlikely  to  ever 
have  agent  contamination 

Areas  maintained  to  be  free  from  ary 
chance  of  agent  contamination. 


These  classifications  vill  determine  the  type  and  magnitude  of  contamir at Icn 
control  erasures  required  in  a  particular  area. 


TABLE  3 -VENTILATION  CRITERIA 
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(1)  QA.  Cla:.s  I  applies  to  those  structures,  systems,  or  component*  whose 
failure  or  malfunction  would  detrimentally  affect  the  safety  function 
of  the  following: 

(a)  Containment  (liquid  or  vapor  agent  or  explosion) 

(b)  Plant  safe  shutdown  and  safety  of  plant  personnel 

(c)  Offsite  release  of  toxic  material  affecting  the  health  and  safety 
of  the  public 

In  addition,  QA  Class  I  includes  those  items  and  activities  that,  as  a 
result  of  being  defective  cause  extensive  damage  to  equipment  or  long¬ 
term  stoppage  of  the  process.  Thus,  the  most  proficient  degree  of 
controls  for  the  applicable  QA/QC  elements  identified  within  military 
specification  MIL-Q-9858A,  including  audita  of  documentation  and 
records,  shall  be  implemented. 

(2)  QA  Class  II  includes  those  items  and  activities  that,  as  a  result  of 

being  defective,  could  adversely  affect  the  reliability,  operability, 
and/or  safety  of  the  facility /equipment  and  personnel,  causing  limited 
damage  or  temporary  shutdown  of  the  process.  Accordingly,  sufficient 
controls  shall  he  applied  to  QA/QC  elements  for  inspection,  teat, 
nonconformance,  corrective  action,  '  documentation,  and  records  in 
accordance  with  MIL-I-1»5208A  during  design,  procurement,  and 

construction.  When  design  changes  under  configuration  control  are  also 
required,  the  QA/QC  element  required  for  design  activities  shall 
adhere  to  MIL-Q-9858A,  additionally. 

(3)  QA  Class  III  includes  thoue  items  and  activities  that  do  not  adversely 

affect  the  reliability,  capability,  ard/or  safety  of  the  facility  or 
equipment  if  failure  were  to  occur.  Appropriate  referencing  of 
industrial  codes  or  standards  in  combination  with  testing  and 

inspections  and  good  vorkaanship ,  both  specified  within  the 
specification  and  procurement-  documents,  are  sufficient.  Documents 
specifically  required  shall  be  delineated  in  technical  data  packages. 
Off-the-shelf  iteau  nay  be  included  in  this  classification. 


TABLE  5  -  CRITERIA  FOR  SIL  C1ASSIFICATI0M 
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CHEMICAL  STOCKPILE  DISPOSAL  PROGRAM 

LIFE  CYCLE  COSTS 

(MILLIONS  OF  CONSTANT  FY  1933  DOLLARS) 
COST  ELEMENT 


DESIGN  AND  ENGINEERING  76.2 
EQUIPMENT  709.9 
CONSTRUCTION  273.2 
TRAINING  81.2 
SYSTEMIZATION  AND  PREOPERATIONS  165.4 
OPERATIONS  630.1 
CLOSURE  44 . 3 
ON-SITE  SUPPORT  327.1 
PROGRAM  SUPPORT  390.8 
EUROPEAN  STOCKPILE  28.4 

_____  2,726.6 


TABLE  6  -  PROGRAMMABLE  COST  ESTIMATES 


A  PROCEDURE  TO  ASSESS  EXPLOSIGH  DAMAGE  TO  B’JILDINOS 
OF  COMMON  CONSTRUCTION 

by 

Mark  G.  Whitney 
Donald  E.  Ketchum 
Charles  J.  Oswald 


Abstract 

Manuals  are  available  for  the  design  and  analysis  of  hardened 
structures  exposed  to  explosion  loads.  These  documents  are  typically 
concerned  with  substantial  reinforced  concrete  or  steel  structures  and 
include  factors  of  safety  and  design  conservatism.  Buildings  designed 
for  conventio:.al  loads  (wind,  snow,  seismic,  etc.)  are  net  fully 
addressed  by  such  manuals,  particularly  If  the  goal  is  to  obtain  a 
realistic  prediction  of  explosion  damage  to  buildings.  A  procedure  has 
been  developed  which  utilizes  prediction  tools  based  upon  correlations 
with  test  data.  This  procedure  has  been  documented  in  a  Guide  which 
provides  facility  planners  the  means  to  make  credible  estimates  of 
damage  to  buildings  of  common  construction.  Tu's  paper  previews  the 
Guide,  overviews  the  development  of  damage  assessment,  tools,  and 
provides  examples  of  building  damage,  repair,  and  reuse  curves  from  the 
Guide, 

I.  INTRODUCTION 

Design  documents  are  available,  such  as  the  recently  revised 
NAyFAC  P-397  trl service  document  (also  known  as  TMb-1300  and  AFH  83-22, 
Reference  1),  which  provide  conservative  procedures  for  designing 
structures  to  be  resistant  to  explosion  loads.  Many  explosion  handling 
facilities  have  structures  which  were  designed  for  conventional  loadings 
and  hence  are  not  blast  hardened.  While  personnel  safety  most  he 
provided  by  compliance  with  inhabited  building  distances  or  through  the 
use  of  barriers  or  blast  containment  design  based  upon  NAVFAC  P-397,  it 
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Is  desirable  to  have  a  method  of  predicting  non-hardened  structure 
damage  which  does  not  include  safety  factors  or  design  conservatism  that 
is  inherent  in  manuals  and  design  guides.  Such  a  procedure  provides 
realistic  predictions  of  explosion  damage  to  buildings,  particularly 
those  of  common  construction.  The  procedure  Is  documented  in  Reference 
2,  "Blast  Vulnerability  Guide,"  which  will  be  referred  to  as  the  "Guide" 
throughout  this  paper.  The  Guide  allows  prediction  of  damage  based  upon 
a  correlation  of  past  explosion  test  data  to  observed  structural  damage 
Instead  of  utilizing  standard  design  procedures  which  provide 
conservative  estimates  of  structural  component  response.  A  similar 
effort  was  completed  by  Tan^reto  [3]  which  established  direction  and 
guidelines  for  preparation  of  tho  Guide.  The  engineering  basis  for 
development  of  the  Guide  1$  documented  In  a  separate  report  by  Oswald, 
et  a1.[4J,  in  a  report  entitled  "Slast  Damage  Assessment  Procedures  for 
Common  Construction  Categories." 

Many  different  construction  practices  are  addressed  bjr  the  Guide. 
These  include  the  following: 

Relr.forced  concrete 

Tilt-up  concrete  panels 

Masonry  (reinforced  and  unreinforced) 

Structural  steel  -  framed  buildings 
Butler  buildings 
Wood  frame  buildings 
Heavy  timber 

The  Guide  considers  explosions  external  to  structures. utilizing  one  or 
more  of  these  types  of  construction.  The  Guide  addresses  explosive 
quantities  up  to  4C00  pounds  at  distances  ranging  from  nearby  to  1000 
feet  away.  This  covers  a  range  of  side-on  overpressures  from  less  than 
1  psi  to  several  thousand  psi.  Loadings  duo  to  impact  of  primary 
fragments  from  cased  munitions  and  debt's  from  packaging  or  vehicles 
transporting  the  explosives  were  also  addressed  in  the  Guide.  The 
explosion  scenarios  addressed  *ra  iimited  to  those  occurring  in  the  open 


396 


or  during  transport,  and  not  Inside  another  structure.  Hence,  building 
debris,  which  can  be  an  important  explosion  ha:'&;d,  is  not  addressed. 

II.  BLAST  DAMAGE  PREDICTION  PROCEDURE 

The  general  procedure  for  estimating  building  damage  is  outlined 
in  the  following  paragraphs.  The  approach  taken  is  to  consider  the 
building  as  an  assembly  of  structural  components  or  elements.  Blast  and 
fragment  loads  are  determined  for  each  component  based  upon  the  KE 
amount,  the  building  orientation,  and  distance  to  the  explosion.  Damage 
to  each  structural  element  is  predicted.  Total  building  damage  is 
calculated  by  a  sum  of  the  damage  to  components  allowing  for  the 
importance  each  element  contributes  to  the  integrity  of  the  building. 
The  procedure  outlined  in  the  Guide  includes  the  following  steps: 

1.  Select  a  specific  threat.  This  includes  defining: 

'  -  charge  quantity 

-  casing  description 

-  distance  from  explosion  to  building 

-  orientation  of  explosion  to  building 

Z.  Identify  the  various  structural  components  of  the  building.  The 
type  and  number  of  structural  components  depend  upon  the  building  under 
analysis.  Components  typically  include  wall  panels,  columns,  beams, 
roof  panels,  joists,  etc.  Identify  the  following  parameters  for  each 
component  where  applicable: 

spans 

-  thickness  or  dimensions 

-  mass 

-  boundary  conditions 

-  construction  details  (If  available) 

Construction  details  include  Information  such  as  reinforcement,  site  and 
location  of  stiffeners,  and  material  properties  (compressive,  tensile, 


'.4  -  M  '.-if 


and  shear  strengths).  This  type  o*  information  may  not  be  available, 
forcing  estimates  to  be  made.  Direction  is  provided  in  the  Guide  for 
making  such  estimates. 

3.  Blast  pressure  and  Impulse  and  missile  loading  on  the  structure 
are  defined  utilizing  the  curves  provided  in  the  6u1de.  Blast  curves 
are  for  both  reflected  and  side-en  parameters.  Two  types  of  missiles 
are  discussed:  fragments  from  cased  munitions  or  bombs  and  debris  from 
vehicles.  Small  fragments  will  perforate  a  structural  element  upon 
impact  and  will  reduce  Its  load  carrying  capacity,  targe  debris  impact 
Increases  the  gross  structural  notion  of  the  element  in  addition  to  that 
resulting  from  the  blast  wave. 

4.  Pressure- Impulse  (P-H  diagrams  are  used  to  predict  the  blast 
damage  expected  for  each  structural  component.  A  brief  description  of 
the  P-1  diagram  development  Is  provided  in  Section  III  of  this  paper. 
For  each  component  of  the  structure  rnoer  consideration,  use  of  the  P-I 
diagram  results  In  a  damage  level  (0.0,  0.3,  9.6,  or  1.0)  for  that 
component. 

5.  The  damage  to  Individual  components  of  a  building  Is  then  related 
to  damage  to  the  building  as  a  whole.  A  ‘weight”  Is  assigned  to  each 
component  based  on  Its  worth  as  a  structural  member.  "Weighting” 
factors  are  suggested  In  the  Guide  for  various  structural  components ; 
however,  the  procedures  are  general  enough  for  the  user  to  choose  and 
use  his  or  her  own  values.  A  summation  of  the  weighted  damage  to  all 
components  Is  made  to  determine  total  building  damage  which  always  will 
■je  a  value  between  0.0  and  1.0;  where  1.0  represents  complete  building 
collapse,  and  0.0  Is  an  undamaged  structure.  The  Guide  goes  further  to 
relate  building  damage  to  a  criterion  of  whether  the  structure  can  be 
repaired  or  if  demolition  and  replacement  is  required.  Reusability  of 
the  building  space  after  minor  repairs  is  also  addressed.  In  Section  IV 
an  example  Is  provided  of  damage,  repair,  and  reuse  curves  developed  for 
a  typical  building  using  this  procedure. 
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III.  DAMAGE  ASSESSMENT  CURVES 


It  was  desired  to  develop  a  set  of  damage  prediction  curves  for  a 
variety  of  common  structural  components  based  upon  test  data  and  not 
analysis  predictions.  Oswald,  et  al.,  [4]  performed  an  extensive 
literature  survey  to  collect  an  empirical  data  base  concerning  blast 
damage  to  structural  elements  with  an  emphasis  on  conventional 
structures.  A  total  of  38  documents  were  reviewed,  and  data  was 
identified  for  the  following: 

-  Reinforced  concrete  slabs,  beams,  and  columns 

-  Unreinforced  concrete  masonry  units 

-  Unreinforced  b»*1ck  wails 

•  Steel  beams  and  columns 

-  Heavy  timber  beams 

-  Hood  frame  walls  or  roofs 

-  Hood  decking  over  joists 

-  Corrugated  metal  or  cement-asbestos  wall  and  roof  panels 

-  Lightweight  concrete  over  decking  (roof) 

-  Metal  stud  walls 

-  Shear  walls 

-  Movement  resisting  steel  frames 

-  Movement  resisting  concrete  frames 

*  Windows 

-  Doors 

Reference  4  summarizes  the  literature  search  effort  and  the  data 
collected. 

A  review  of  the  documents  indicated  that  insufficient  data  existed 
to  define  completely  damage  curves  for  the  building  components.  This 
required  a  combined  theoretical -experimental  approach  to  the  problem,  in 
which  a  general  theoretical  solution  was  developed  and  then  verified  or 
modified  by  the  comparisons  with  the  experimental  data.  Following  this 
approach,  P-I  diagrams  that  had  bean  previously  developed  by  Baker,  Cox, 
and  Wes tine  [3]  for  various  structural  components  were  used.  P-I 

399 


diagrams  existed  for  beasts,  plates,  membranes,  and  columns.  For  cases 
In  *Mch  no  previous  solutions  existed,  for  sxaaple,  for  unrelnforced 
masonry,  new  theoretical  solutions  were  developed.  The  P-I  dlagraa  with 
non-dinenslonal  terns  was  chosen  for  use  In  the  analysis  as  this  foraat 
provides  great  flexibility  In  representing  structural  element  and  blast 
Toad  parameters.  This  foraat  does  not  refer  to  specific  structural 
spans  or  thickness  and  can  represent  a  variety  of  suppart  conditions. 
Also,  the  curves  generally  aoply  to  any  blast  load  which  can  be 
represented  by  a  single  triangular  pulse  of  peak  pressure,  p,  and 
Impulsa,  1.  This  type  of  generality  Is  an  essential  aspect  of  the 
technical  solution  developed. 

The  procedure  for  developing  P-I  diagrams  was  to  find  the 
asymptotes  to  the  general  solutions  and  estimate  the  transition  region 
between  the  asymptotes.  The  asymptotes  were  found  by  equating  the 
strain  energy  in  the  structure  to  the  work  done  by  the  pressure 
(pressure  asymptote)  or  to  the  kinetic  energy  Imparted  to  the  structure 
by  the  Impulse  (impulsive  asymptote).  For  either  existing  or  new 

solutions,  the  resulting  curves  are  then  adjusted  to  match  the 

experimental  data.  The  development  of  a  typical  set  of  damage  curves  is 
Illustrated  below  with  the  example  of  a  P-I  diagram  for  steel  beams. 

Figure  1,  taken  from  Reference  5,  was  used  as  the  basis  for  the 
steel  beam  solution.  The  term*  In  Figure  1  are  defined  in  Table  1. 
This  figure  gives  an  elastic-plastic  solution  for  beams  with  four 
different  boundary  conditions  when  subjected  to  arbitrary  blast  loading. 
Although  the  solution  is  theoretical,  the  impulsive  asymptote  was 

previously  verified  by  comparison  with  experimental  data  [5]  for 

idealized  beams  of  rectangular  cross  section.  Comparisons  were  made  In 
[4]  with  more  representative  structural  elements  to  avoid  conservatism. 
Data  for  comparison  with  the  solution  in  Figure  1  Included  blast-loaded 
Steel  beans  and  prefabricated  steel  panels  which  responded  as  beams  In 
the  tests. 

Comparisons  between  the  theoretical  solution  and  the  experimental 
data  are  shown  on  Figure  2.  The  curves  In  Figure  2  are  the  same  as 


these  In  Figure  1.  The  number  given  fer  each  data  point  indicates  the 
calculated  value  of  the  nondisensional  group  ji. 

The  components  exhibit  less  damage  than  is  predicted  by  the 
theoretical  solution.  To  compensate  for  the  apparent  conservatism  in 
the  theoretical  solution,  the  curves  were  shifted  to  better  match  the 
data  (see  Figure  3). 

The  terms  i  and  p  are  calculated  based  upon  the  applied  lead,  beam 
properties,  and  boundary  conditions.  When  a  point  is  plotted,  a  value 
of  ji  Is  obtained.  Using  the  equation  which  defines  ji,  one  can  obtain  a 
value  of  ductility,  ft,  and  an  equation  is  provided  In  the  Guide  for 
calculating  deflection,  &.  Damage  to  the  element  was  defined  based  upon 
a  modification  to  criteria  for  ductility  and  hinge  "otations  in  Healey, 
et  al.  [6],  and  the  revision  to  NAVFAC  P-397  [1].  The  final  P-I  diagram 
presented  in  the  Guide  Is  illustrated  in  Figure  4,  where  damage  to  the 
component  Is  calculated  at  discrete  values  of  either  0,  30*,  60S,  or 
100*  damage  depending  upon  A  (which  is  related  to  f)  and  n . 

Similar  P-I  diagrams  were  developed  for  each  of  the  components 
listed  in  Table  2  and  are  available  in  the  Guide.  Structures  that  are 
not  steel  (concrete,  masonry,  or  wood)  have  established  damage  criteria 
taken  directly  from  observations  in  the  data  as  the  data  base  was  more 
complete  than  that  for  steel  structures.  Prediction  of  ft  or  A  is  not 
necessary,  as  damage  levels  are  plotted  directly  on  the  P-I  diagram  as 
indicated  on  Figure  5  for  one-way  reinforced  concrete  slabs. 

IV.  BUILDING  DAMAGE  CURVES 

Twelve  example  buildings  were  evaluated  using  the  procedures  in 
the  Guide  for  a  variety  of  explosive  quantities  and  standoffs  for 
determination  of  damage,  reusability,  and  repairability.  The  twelve 
buildings  cover  a  wide  range  of  construction  types  including  reinforced 
concrete,  tilt-up  panels,  masonry,  steel,  prefabricated  buildings,  and 
wood  frame  buildings.  An  example  of  one  building  and  associated  damage 


curves  Is  provided  in  Table  3  and  Figures  $-9.  These  and  other  curves 
ware  developed  by  applying  the  methods  outlined  In  the  6uide. 

V.  SUMMARY 

Procedures  and  damage  assessment  curves  have  been  developed  to 
allow  facility  planners  to  make  realistic  predictions  of  damage  to 
buildings  of  common  construction  subjected  to  explosion  loads.  These 
are  presented  In  a  Guide  [2]  which  is  previewed  In  this  paper.  The 
damage  assessment  procedures  were  applied  to  twelve  cowson  buildings  and 
a  set  of  damage  curves  for  each  is  presented  in  the  Guide,  an  example  of 
which  Is  given  In  this  paper. 
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Shifted  Theoretical  Curves  for  Better  Agreeosnt  with  Data 
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p^I 

peak  applied  pressure  (F/L2) 

applied  specific  impulse  (FT/L2) 

beam  length  (L) 

moment  of  inertia  (L^) 

plastic  section  modulus  (L^) 

loaded  width  (typically  beam  spacing)  (L) 

acceleration  due  to  gravity  (L/T2) 

beam  depth  (L) 

Young's  Modulus  (F/L2) 

total  weight  of  section  plus  weight  of  supported  components  (F) 

boundary  coefficients  (-) 

ductility  ratio  (-) 

yield  stress  for  steel  (F/L2) 

midspan  deflection  (L) 


»V*A 

A/L  =  . hr* 


Notes:  Check  units  of  ordinate  and  i  «cissa  terms  to  confirm  that  all  units 
cancel  and  result  in  non-dlmer3ional  terms. 
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Figure  4 

?r?s.’5'jr3- Impulse  relation  for  Steel  3eams  as  Presented  in  the  Guide  [2] 
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peak  applied  pressure  (F/L*) 
applied  specific  impulse  (FT/L*) 
slab  span  (L) 

effective  moment  of  inertia  (L1*) 

moment  capacity  of  the  section  (L-F) 

cross-sectional  area  (L2) 

tensile  steel  area  (L2) 

section  width  (typically  rebar  spacing)  (L) 

depth  of  tensile  reinforcement  (L) 

acceleration  due  to  gravity  (L/T2) 

Young's  Modulus  (F/L2) 
yield  strength  of  reinforcement  (F/L2) 
compressive  strength  of  concrete  (F/L2) 
weight  density  of  section  (F/L3 * * * *) 

tensile  steel  reinforcement  area  per  gross  area  of  section  (-) 
boundary  coefficients  (-) 


E  =  57000  /f^ 


p  «  As/(bd) 


Leff  8 


Mote: 


bd3(5.5o  +  0.033) 
2 


Mp  *  0.9  bd2fyp( 1  -  O.59oty/t0') 


1)  Check  units  of  ordinate  and  abscissa  terms  to  confirm  that  all  units 
cancel  and  result  in  non-dimensional  terms. 

2)  For  simple-simple  elements  calculate  tensile  steel  area,  As,  using  the 
midspan  reinforcement  at  the  Inside  face. 

3)  For  fixed-fixed  eLements  the  tensile  steel  area.  A,,  is  calculated  by 

averaging  the  midspan  reinforcement  at  the  inside  face  and  the  support 

reinforcement  at  the  outside  face. 

U)The  equation  for  £  above  uses  f'  in  unit3  of  psi  and  results  in  E  in  psi 

units.  If  the  nondimens ional  terms  on  the  graph  are  calculated  in  other 

self  consistent  units,  then  the  value  of  E  must  be  converted  accordingly. 


Figure  5 

Pressure- Impulse  Relation  for  One-Way  Reinforced  Concrete  Slabs 
as  Presented  In  the  Guide  (2] 
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TABLE  1. 

Hcjienclature  of  Pressure-Impulse  Relation 
for  Steel  3ea&s  Depicted  In  Figure  1 


peak  applied  pressure  (F/L2) 

applied  specific  impulse  (FT/L2) 

bean  length  (L) 

moment  of  inertia  (l1*) 

plastic  section  modulus  (L^) 

loaded  width  (typically  beam  spacing)  (L) 

acceleration  due  to  gravity  (L/T2) 

bean  depth  (L) 

Young's  Modulus  (F/L2) 

total  weight  of  section  plus  weight  of  supported  components  (F) 

boundary  coefficients  (-) 

ductility  ratio  (-) 

yield  stress  for  steel  (F/L2) 

■idspan  deflection  (L) 
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Tabla  2.  List  of  Components 


Beams 

One-way  slabs 
Two-way  slabs 
Exterlnr  columns  (Bending) 
Interior  columns  (Budding) 
Moment-resisting  frames 


8eans 

Metal  stud  walls 

Open-web  steel  joists  (Cord  failure) 
Cpen-web  steel  joists  (WcL-  buckling) 
Corrugated  metal  decking 
Exterior  columns  (Bending) 

Interior  columns  (Buckling) 
Moment-resisting  frames 


One-way  unreinforced  walls 
Two-way  unreinforced  walls 
One-way  reinforced  walls 
Two-way  reinforced  walls 
Pilasters 


Mood  or  Timber  Components 


Stud  walls 

Roofs 

Beams 

Exterior  columns  (Bending) 
Interior  columns  (Buckling) 


TABLE  3.  EXAMPLE  BUILDING  DESCRIPTION 


This  structure  has  unreinforced  CMU  bearing  walls  with  reinforced 
GW  pilasters.  All  cells  are  grouted.  The  roof  supports  are  open-web 
steel  Joists.  The  roof  is  constructed  of  lightweight  concrete  over 
corrugated  metal  decking.  This  one-story  building  has  1600  square  feet 
and  Is  12  feet  in  height.  This  structure  is  comprised  of  the  following 
components,  the  quantity  of  each,  and  their  assigned  weights. 

No.  Component  Weight 


16  13.7'  x  12'  x  7.625"  CMU  panels,  unreinforced,  4.0 

single  wythe,  considered  simply  supported, 
two-way  i3.7'  x  12'  loaded  area. 

16  12'  x  15.625"  x  15.625"  CMU  pilasters,  considered  5.0 

simply  supported  beams,  loaded  area  Is  38%  of 

15'  x  12'  area,  reinforced  with  4-#8's  at  d-12.625." 

17  Open-web  steel  joists,  20'  span  at  5'  on  center  2.0 

20'  x  5'  loaded  area,  10  K1  joists  (SJI  designation). 

16  Corrugated  steel/concrete  decking,  5'  span,  1.0 

fixed  supports,  .6C22  panels  with  1-1/2" 
lightweight  concrete  cover. 

4  Doors  and  windows,  fail  at  2.0  psl,  located  in  0.25 

CMU  panels. 
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Figure  6 

Example  Building 
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Figure  7 

Exaacplt  Building  Dwage  Cum 
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Figure  8 

Example  Building  Reuse  Curve 
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Figure  9 

Example  Building  Repair  Curve 
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RESPONSE  OF  STRUCTURAL  COMPONENTS  TO  BUST: 
ANALYTICAL  VERSUS  EXPERIMENTAL  RESULTS 


by 

Michael  A.  Polcyn 
and 

Kirk  A.  Marchand 


Safety  of  personnel  from  accidental  explosions  at  explosive  handling 
facilities  is  achieved  by  providing  adequate  separation  distance  from 
potential  explosion  sources,  by  providing  barriers  or  protective  construction 
between  the  explosion  source  and  personnel  to  reduce  shocks  and  fragments,  or 
by  providing  some  combination  of  separation  distance  and  protective 
construction.  When  space  limitations  or  operational  constraints  are  present, 
protective  construction  Is  required.  Manuals  such  as  TM5-1300  ana  the  recent 
revision  to  this  manual  provide  analytical  procedures  to  conservatively 
design  most  structures.  Information  concerning  loads  prediction,  dynamic 
response  calculations,  dynamic  material  strengths,  and  failure  criteria  is 
provided  In  these  manuals. 

Protection  of  personnel  Is  always  the  primary  objective  and  usually 
overrides  any  conflicting  design  considerations  such  as  cost.  However, 
minimizing  construction  cost  Is  always  an  important  requirement.  Therefore, 
it  is  of  Interest  to  determine  the  level  of  conservatism  in  common  design 
procedures  by  comparing  predicted  dynamic  response  of  structural  components 
to  the  response  observed  In  explosive  tests. 

Southwest  Research  Institute  (SwRI)  was  funded  by  the  Naval  Civil 
Engineering  Laboratory  (NCEL)  to  develop  procedures  for  predicting  blast 
damage  to  commonly  constructed  buildings  at  Naval  Facilities.  A  wartime  or 
terrorist  threat,  rather  than  an  accidental  explosion  threat  was  of  interest. 
Therefore,  damage  to  structures  was  correlated  to  past  explosive  test  data, 
instead  of  directly  using  standard  analysis  procedures  which  provide 
conservative  estimates  of  the  response  of  structural  components.  This  data 
was  used  to  calibrate  an  analysis  procedure,  giving  the  user  a  realistic 
assessment  of  the  potential  damage.  In  doing  so,  experimental  results  were 
compared  to  analytical  results. 


Background 

The  objective  when  preparing  References  1  and  2  was  to  develop 
procedures  to  assess  damage  to  structures  resulting  from  external  explosions. 
Because  this  type  of  loading  consists  only  of  a  shock  load,  Pressure- Impulse 
(P-I)  diagrams  were  used  to  perform  the  analysis.  This  provides  a  simple 
graphical  means  of  determining  the  damage  to  any  element  type.  A  typical 
curve  is  shown  in  Figure  1.  Each  of  the  lines  defines  the  boundary  between 
increasing  component  percent  damage.  These  boundaries  were  initially 
determined  analytically,  and  plotted  along  with  experimental  data  points. 
Boundaries  were  shifted  so  that  data  fell  in  the  appropriate  damage  level. 


The  goal  for  Referenca  3  was  similar,  except  that  the  threat  was  for 
Internal  explosions.  This  loading  condition  combines  a  quasi-static  load 
with  the  shock  load,  making  the  use  of  ?-I  diagrams  tedious.  Therefore  it 
was  decided  to  calculate  component  damage  by  solving  a  modified  energy 
equation.  In  its  basic  form,  the  equation  is  expressed  as 

KE  +  Work  -  *s  x  SE  (1) 

where 

KE  -  kinetic  energy  from  the  applied  shock  impulse 

Work  -  work  from  the  applied  quasi-static  load 

-  correction  factor  to  relate  calculated  strain  energy 
to  that  expected  or  observed  experimentally 

SE  •  component  strain  energy  calculated  using  standard 
analysis  procedures. 

Both  the  work  term  and  the  strain  energy  term  are  functions  of  the  maximum 
deflection  of  the  component.  Therefore,  by  Inputting  the  loads  and  the 
appropriate  structural  parameters,  the  component  response  can  be  calculated. 
If  ds  Is  chosen  properly,  the  calculated  deflection  will  approximate  that 
which  would  actually  be  observed.  The  remainder  of  this  paper  will  describe 
the  approach  used  to  calculate  the  correction  factor  and  present  results  for 
several  element  types. 


Procedure  for  Calculating  Correction  Factor 

The  procedure  for  calculating  ds  was  set  by  considering  test  data  for 
reinforced  concrete  elements.  One-way  slabs  were  analyzed  f*rst  using  test 
data  from  Reference  4.  The  blast  loads  from  these  tests  were  from  external 
explosions  and  could  be  represented  accurately  as  a  shock  Impulse.  The  tests 
used  slab  thicknesses  of  6  and  8  Inches.  Both  were  simply  supported  with 
spans  of  about  98  inches  and  widths  of  47  Inches.  Concrete  compressive 
strength  was  3000  psl,  and  reinforcement  yield  strength  was  40,000  psl.  The 
reinforcement  ratio  was  0.0013.  Shock  loads  and  observed  deflections  were 
provided  In  the  test  report. 

Using  this  Information,  structural  parameters  Including  ultimate 
resistance,  stiffness,  elastic  deflection,  and  mass  were  calculated.  The 
slabs  were  analyzed  using  an  energy  equation  similar  to  Equation  1.  Because 
there  was  no  quasi-static  load,  the  work  term  was  neglected.  The  energy 
equation  used,  In  detailed  form,  Is  as  follows: 


X.+  Ru  (  )  ) 


(2) 


«  total  applied  shock  impulse  over  the  slab 
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where 


I 


Meff  *  equivalent  single  degree-of-freedom  mass  of  slab 

-  (load-mass  factor)  x  (mass) 

Ru  -  total  ultimate  resistance  of  slab 

Xe  -  elastic  deflection  of  slab 

Xmax  -  observed  maximum  deflection  of  slab 

-  strain  energy  correction  factor 

For  each  test,  the  appropriate  structural  parameters,  the  applied  load,  and 
the  observed  deflection  were  input  into  the  equation,  and  the  correction 
factor  was  calculated.  These  values  ware  averaged  and  used  in  Equation  1  for 
the  analysis  of  any  one-way  reinforced  concrete  element. 

The  similar  analysis  approach  was  planned  for  two-way  slabs.  However, 
the  durations  of  the  shock,  loads  were  approximately  the  same  as  the  natural 
periods  of  the  slabs,  and  treating  the  load  as  an  impulse  resulted  in 
extremely  large  calculated  deflections.  .  Better  analytical  results  were 
achieved  by  using  a  single  degrae-of- freedom  (SDOF)  program  which  allowed  the 
input  of  the  actual  shock  load  history.  Test  data  was  taken  from  References 
5-7.  Slabs  were  12  feet  square  and  about  5  inches  thick.  About  0.9% 
reinforcement  was  provided.  The  concrete  compressive  strength  was  about  4GQQ 
psi,  and  the  yield  strength  of  the  reinforcement  was  just  under  60  ksi. 

The  structural  parameters  used  for  Equation  2  along  with  the  load 
history  were  used  as  input  for  the  SDOF  program.  Runs  were  repeated, 
increasing  the  ultimate  resistance  by  a  factor  of  $r,  until  the  calculated 
deflections  matched  the  deflections  observed  in  the  tests.  This  corresponding 
value  of  was  set  equal  to  the  strain  energy  correction  factor  for  that 
test.  The  correction  factors  for  all  of  the  tests  were  averaged  for  use  in 
Equation  1  when  calculating  the  damage  of  two-way  reinforced  concrete 
e1ement$.  It  is  understood  that  the  corrected  strain  energy  is  related  to 
the  corrected  ultimate  resistance  only  if  the  elastic  portion  of  the  rasoonsc? 
is  negligible;  however,  the  differences  actually  encountered  will  be  small. 

Steel,  masonry,  and  wood  elements  were  also  considered  in  References  1, 
and  3,  Steel  components  were  analyzed  using  the  SDOF  program,  while  the 
analysis  of  masonry  followed  an  energy  approach  using  P-I  diagrams  such  as 
those  developed  in  Reference  1.  Wood  components  were  handled  in  a  different 
fashion,  and  are  not  discussed  here. 


Results 

As  stated  above,  both  one-  end  two-way  reinforced  concrete  elements 
were  analyzed.  The  calculated  strain  energy  correction  factors  were  plotted 
against  support  rotations  as  shown  in  Figures  2  and  3.  Both  figures  show 
that  the  correction  factor  Increases  with  support  rotations.  This  Is 
expected  due  to  the  effects  of  strain  hardening  of  the  reinforcement  and 
additional  strength  caused  by  arching  in  the  slab. 
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The  dashed  vertical  lines  in  the  figures  define  the  boundaries  between 
various  component  damage  levels.  Four  levels  wore  chosen:  5S,  30%.  60%.  and 
100%  damage.  These  discrete  levels  ars  adequate  to  define  individual 
component  damage,  so  that  when  a  weighted  average  of  component,  damage 
throughout  a  building  is  calculated,  a  number  defining  percent  bsiilding 
damage  results.  A  Biore  dc-taiied  discussion  of  building  damage  is  provided  in 
Reference  2. 

Test  data  for  steel  elements  were  taken  from  References  8,  9,  and  10. 
All  of  this  information  was  for  cold -formed  steel  panels,  girts,  and  purlins 
used  in  the  construction  of  pre-engirteered  metal  buildings.  The  test  loads 
described  in  Reference  8  were  the  result  of  a  nuclear  explosion,  and  were 
long  in  duration.  The  duration  cf  the  loads  for  the  tests  described  in 
References  9  and  10  are  approximately  the  s&fie  as  the  component  natural 
periods.  Therefore,  all  of  the  components  were  analyzed  using  the  SCOF 
program.  The  values  of  for  these  components  also  tended  to  increase  with 
increasing  response;  however,  the  range  of  values  was  not  is  great  as  tnat 
calculated  for  reinforced  concrete.  The  mean  value  was  found  to  be  1.4,  and 
was  rocoraendad  for  use  in  Equation  1  for  steel  components. 

Masonry  panel  test  results  were  taken  from  References  4,  5,  and  11. 
The  test  data  extracted  from  these  references  is  shown  In  Figures  4  ,nd  5  for 
one-way  and  two-way  masonry  panels,  respectively.  Reference  2  documents  the 
pressure  and  Irapuiso  parameters  used  to  reduce  the  data  to  the  presented 
format.  All  the  masonry  data  includes  arching  effects,  which  sign- ficantly 
strengthens  the  wall  flexural  capacity.  The  tests  of  Reference  4  were 
performed  in  a  rigid  frame.  Lightweight  concrete  masonry  units,  hollow 
brick,  and  solid  brick  were  tested  with  8-100  kg  spherical  charges.  The 
tests  of  Reference  11  were  also  performed  in  a  rigid  franc.  Tailored 
airblast,  pulses  were  produced  In  a  shock  tube  surrounding  the  structure. 
Reference  5  describes  tests  performed  in  a  nuclear  environment.  The  tests  of 
References  5  and  11  were  accomplished  using  both  solid  brick  md  hollow  brick 
units.  The  damage  categories  described  on  the  plots  are  based  on  a  somewhat 
qualitative  assessment  of  panel  response.  Slight  damage  consists  of  minor 
flexural  cracking.  Moderate  damage  includes  flexural  damage  without 
mechanism  or  hinge  formation.  Severe  damage  indicates  the  presence  of  hinges 
or  a  failure  mechanism,  while  failure  indicates  structural  collapse. 

This  data,  like  that  for  reinforced  concrete  described  previously,  was 
also  grouped  in  the  0-100%  categories  for  presentation  in  Reference  2  in  a 
format  similar  to  that  shown  in  Figure  1.  The  correction  factors  varied  from 
0.8  to  1.8  for  the  one-way  data  and  from  5.0  to  14.0  for  the  two-way  data 
using  the  energy  method  presented  in  Reference  12.  The  drastic  correction 
factor  increase  observed  in  the  two-way  tests  is  accounted  for  almost 
exclusively  by  the  increase  in  flexural  capacity  due  to  arching. 


Closure 

Analysis  of  test  data  from  several  sources  and  concerning  several 
loading  environments  and  response  regimes  has  been  completed  and  compared 
with  energy  solutions  and  single  degree  of  freedom  analyses.  Correction 
factors  have  been  determined  to  equate  the  analytic  results  with  the 
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experimental  results.  These  factors  were  determined  for  use  in  vulnerability 
analyses  of  structures.  However,  they  illustrate  the  conservatism  that  is 
present  in  design  procedures  used  for  component  design  in  blast  resistant 
construction. 
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MODEL  TEST  OF  A  PARTICULAR  EARTH  COVERED  WORKSHOP  3UILDIHG 


by  F.X.  BOISSEAU* 


ABSTRACT  : 


This  paper  presents  the  main  results  from  a  serial  of  tests  conducted  by 
SNPE  in  1985  and  1986  with  1/10  th  and  1/5  th  scale  models  of  a  particu¬ 
lar  earth  covered  workshop  building  called  "mitigated  casemate" .  This  ty¬ 
pe  of  structure  is  designed  to  partially  contain  blast  and  projection?  ef¬ 
fects  induced  by  the  accidental  explosion  of  amount  of  1.1  product  up  to 
1,000  kg  of  equivalent  TNT. 


Different  loading  densities  were  tested,  blast  and  scot  velocities  measu¬ 
rements  were  made.  These  results  and  a  comparison  with  a  full  scale  trial 
involving  1,000  kg  of  high  explosive  are  described. 


This  type  of  building  is  designed  and  used  for  production  or  maintenance 
workshops  in  establishments  where  area  is  very  limited. 
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1  -  INTRODUCTION 


In  order  to  build  a  new  type  of  workshops  celled  aitigated  cesemete, spe¬ 
cially  designed  to  liait  effects  generated  by  an  internal  accidental  ex¬ 
plosion,  SNPE  decided  to  conduct  a  serial  of  tests  to  determine  the  diffe¬ 
rent  hazardous  areas. 


A  few  experimental  data  were  already  available  on  a  similar  structure.,  is¬ 
sued  from  a  full  scale  trial,  conducted  by  a  French  0.0. D.  Civil  enginee 
ring  team  in  1973,  but  they  did  not  allow  to  evaluate  blast  hazards 
around  the  structure  in  case  of  explosion,  in  a  precise  way.  So,  an  expe- 
riacntal  program  involving  1/5 th  and  l/10th  scale  models  was  defined  and 
conducted  by  SNPE  in  1985  er.d  198*. 


2  -  MITIGATED  CASEMATE 


This  type  of  building  is  constitued  of  4  reinforced  concrete  wells,  a 
reinforced  concrete  roof  slab  and  an  accsss  corridor.  The  whole  structu¬ 
re  is  coversd  with  eerth.  An  internal  resistant  door,  designed  to  resist 
the  internal  explosion,  closed  the  corridor.  A  description  of  e  mitiga¬ 
ted  caseaa re  is  shown  in  Figure  1. 


There  is  two  types  of  mitigeted  casemate,  one  with  e  straight  corridor, 
tha  other  with  a  bent  corridor.  The  roof  slab  is  a  flooring  slab,  i.t»  a 
slab  not  linked  to  the  wall  end  which  in  case  of  explosion  will  be  projec¬ 
ted.  Walls  are  lightly  linked  to  each  othar.For  loading  dansitlas  of  inte¬ 
rest,  i.e  1  kg/m3  to  12  kg/m3  and  in  csss  of  an  internal  explosion,  the 
major  part  of  the  energy  is  absorbed  by  roof  and  walls  which  push  the 
earth,  the  mass  of  which  is  very  important  (tha  aarth  cover  of  th*  roof 
is  several  meters  high).  Roof  slab  and  :«alls  are  designed  not  to  be  too 
severely  damaged  after  being  pushed. 


3  •  SCALING  LAVS 


We  use  the  classical  H0PXINS0N  laws  to  scale  the  phenomenon.  That  Is,  If  X. 
is  the  scale  factor  betvcen  the  prototype  (full  scale)  end  tha  model 
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4  -  TEST  PaOOAH 


The  structure  tested  in  the  full  scale  trial  had  a  bent  corridor.  The 
charge  vas  conxtitued  of  1,000  kg  of  PLAN?  (1,200  kg  of  equivalent  TNT) 
which  represents  a  loading  density  of  12  kg/»3 .  The  interior  blast  resis¬ 
tant  door  was  closed. 


In  order  to  complete  our  experimental  data  base,  it  was  decided  to  test 
mitigated  casemates  using  1/I0th  and  l/5th  scale  models.  We  have  studied 
the  influence  of  three  parameters  on  blast  propagation  outside  the  struc¬ 
ture  : 

-  Shape  of  the  corridor  (straight  or  bent) 

-  Loading  density 

-  Mass  of  earth  cover/unit  area  (or  heigth) 


Table  1 
S8TPE. 


sums  up  the  different  configurations  tested  in  1983  and  1986  by 


5  -  TEST  SEP  UP 


Seale  models 


Dimensions  of  a  l/10th  scale  model  are  shown  in  Figure  2  for  a  straight 
corridor  configuration  and  in  Figure  3  for  a  bent  corridor  configuration. 
Earth  is  replaced  by  sand.  The  models  are  in  steel.  The  blast  resistant 
door  is  scaled  by  a  thick  steel  plate  with  a  system  to  prevent  the  reboun¬ 


ding  of  the  door. 


Charges 

-  Charges  used  in  these  testa  were  composed  of  cylinder  of  Kexolite  60/40 
(60  %  RDX  -  40  %  THT)  Initiated  by  e  booster  of  RDX/WAX  (95  %  RDX  -  5  % 
Wax)  and  a  High  Intensity  detonator. 


-  Mass  of  charges  shot  were  between  0.084  kg  and  8  kg  depending  on  the 
scale  and  the  loading  density  tested. 
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Instrumentation 


Blast  measurements  : 


Frae  field  pressure  gages  vere  placed  in  4  directions  for  tests  invol¬ 
ving  mitigated  casemate  with  a  bent  corridor  with  an  angle  of  90*  bet¬ 
ween  them,  and  in  3  directions  for  tests  with  a  straight  corridor. 


Of  course,  each  time,  a  line  of  pressure  gages  was  located  in  the  direc¬ 
tion  of  the  corridor  entrance. 


Locations  of  pressure  gages  are  shown  in  Figures  4  and  5  for  models  with 
a  bent  or  a  straight  corridor  to  illustrate  the  experimental  sat  up. 


Video  measurements  : 


Two  high  speed  camera  ware  used  during  all  teats  conducted  by  SR?E.  A  500 
frsmes  per  second  was  facing  the  corridor  entrance  and  a  1500  frames  per 
second  was  placed  perpendicularly  to  the  axe  ia  of  the  corridor. 


In  order  to  have  video  measurements  of  the  roof  slab  velocity,  a  steel 
bar,  1  m  high,  with  a  rad  flag  at  the  end,  was  fixed  on  the  center  of  the 
roof. 


6  -  RESULTS 


The  whole  results  of  all  shots  can't  be  described  in  detail  in  the  pre¬ 
sent  paper,  so  we  will  only  depict  the  main  results  obtained  in  : 

-  Comparing  blast  measurements  of  the  full-scale  and  l/10th  scale  tast3 
on  a  mitigated  casemate  with  a  bent  corridor  (shots  1  and  2) 

-  Comparing  blast  measurements  of  l/.^th  snd  l/10th  scale  tests  on  mitiga¬ 
ted  casemate  with  a  straight  corridor  (shots  3  and  8) 

-  Cotsparing  roof  velocities  measured  In  1/5  th  and  l/10th  trials  for  two 
loading  densities  (1  and  12  kg/m3). 
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Mitigated  casemate  with  a  bent  corridor 


In  the  full  scale  test,  blast  measurements  were  made  only  in  two  direc¬ 
tions  :  90*  and  180*  gages  lines.  Figure  6  and  7  compare  side-on  overpres¬ 
sures  measured  in  these  two  directions  during  the  full  scale  test  and 
l/10th  trials  (shots  1  and  2). 


90*  gages  line  (corridor  entrance)  : 


Difference  observed  in  values  of  overpressure  measured  are  probably  due 
to  the  scaling  of  the  resistant  door.  In  fact,  the  full  scale  resistant 
door  had  not  a  system  to  prevent  the  rebounding.  The  door  of  the  model 
used  in  shot  1  was  also  lightly  fixed  to  simulate  the  full  scale  door, 
but  models  used  in  shot  2,  3,  4  ...  and  9  had  all  resistant  door  desi¬ 
gned  with  an  anti -rebounding  system,  because  SNFE  intend  to  build  in  its 
plants,  mitigated  casemate  with  such  a  system. 

So  if  we  examine  closely  Figure  6,  we  can  see  that  values  recorded  in 
full  scale  test  and  shot  1  (1/10  th)  at  the  entrance  are  quite  similar. 


180*  gages  line  : 


In  that  direction  (see  figure  7)  we  can  notice  that  measures  obtained  in 
1/lOth  tests  and  in  the  full  scale  trial  are  in  good  accordance.  The  sca¬ 
ling  of  the  resistant  door  seems  to  have  no  influence  on  blast  propaga¬ 
tion  in  the  180*  direction. 


Mitigated  casemate  with  a  straight  corridor 

Figures  8,9  and  10  compare  for  the  0*,  180*  and  270*  gages  lines,  side-on 
overpressures  measured  in  the  l/5th  (shot  8)  and  l/10th  (shot  3)  scale 
tests. 


0*  gages  line  (corridor  entrance)  : 


Contrary  to  the  bent  corridor  configuration,  we  see  on  figure  8  that  mea¬ 
sures  recorded  in  l/5th  and  l/10th  scale  tests  are  in.  good  accordance. 
The  relatively  strong  blast  measured  in  that  direction  is  quite  surpri¬ 
sing  because,  before  doing  the  test,  we  thought  that  the  interior  resis¬ 
tant  door,  with  its  anti -rebounding  system,  would  strongly  attenuate  the 
overpressure.  Ve  can  notice  on  the  film  taken  with  an  high  speed  camera, 
a  flame  coming  out  of  the  corridor.  That  is  another  indication  that,  des¬ 
pite  the  presence  of  the  resistant  door,  a  part  of  the  blast  manages  to 
go  out  of  the  corridor,  probably  because  the  gaz  pressure  inside  the 
structure  distends  it  and  let  between  the  floor  and  the  door,  or  the  wall 
and  the  door,  partial  vent  area 
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180*  gages  line  : 


Significant  difference,  about  SO  %,  can  be  observed  between  overpressu¬ 
res  measured  in  the  l/5th  test  and  those  recorded  in  the  l/10th  test  (see 
figure  9).  But  it  must  be  considered  that  the  overpressure  levels  recor¬ 
ded  are  very  low,  10  mbar  or  less,  so  the  difference  can  come  as  much 
from  scaling  problems  as  from  pressure  gage  precision. 


270*  gages  line  : 


Comparison  between  1/Sth  and  l/10th  tests,  describes  in  Figure  10,  shows 
the  good  accordance  between  side-on  overpressures  measured  during  both 
tests,  in  that  direction. 


Roof  velocities 

Roof  initial  velocities  measured  with  an  high  speed  camera,  for  shots  3,7, 
8  and  9,  which  concerned  l/5th  and  l/10th  tests  with  two  loading  densi¬ 
ties  1  kg/m3  and  12  kg/m3,  are  described  in  table  2.  Two  facts  can  be  no¬ 
ticed  : 

-  Multiplying  the  loading  density  by  12,  double  the  initial  roof  veloci¬ 
ty  (13  m/s  and  30  m/s) . 

•  Comparison  between  roof  velocity  measured  in  the  1/5 th  test  and  in  the 
l/10th  test,  with  a  constant  loading  density  shows  that  using  the  Hopkin- 
son  scaling  laws  in  our  case  is  valuable.  We  have  measured  the  same  ini¬ 
tial  velocity  in  the  l/5th  test  than  in  the  l/10th  test.  Of  course  only 
the  Initial  velocity  is  independent  of  the  scale  factor,  distance  of  pro¬ 
jection  cannot  be  scaled  because  of  the  impossibility  of  scaling  the 
earth  gravity. 


CONCLUSIONS 


Validity  of  applying  the  Hopkinson  scaling  laws  in  our  model  test  has 
been  verified  even  for  initial  velocities  of  the  roof  slab. 

Different  loading  densities  and  design  parameters  such  as  shape  of  the 
corridor,  height  of  roof  earth  cover,  were  studied. 

Through  the  9  model  tests  conducted  by  the  Safety  Technical  Group,  SNPE 
has  now  a  good  knowledge  of  blast  and  projections  hazards,  generated  by 
the  internal  explosion  of  a  charge  placed  in  a  mitigated  casemate  and  of 
modelisation  process  of  huilding3. 
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TABLE  1  :  TEST  SCHEDULE 


SHOT  No 

SCALE 

ROOF  EARTH** 

COVER  <m) 

LOADING  DENSITY 

<kg/®3) 

CORRIDOR 

SHAPE 

1978* 

TRIAL 

1 

4 

12 

Bent 

1 

1/10 

4 

12 

Bent 

2 

1/10 

4 

12 

Bent 

3 

1/10 

4 

12 

Straight 

4 

1/10 

3 

7.5 

Straight 

5 

1/10 

.  1 

3 

1 

Straight 

6 

1/10 

2 

mm 

Straight 

7 

1/10 

2 

i 

Straight 

8 

1/5 

4 

12 

Straight 

9 

1/5 

2 

1 

Straight 

*  NOT  CONDUCTED  BY  SNPE 

**  Values  indicated  are  for  full  scale 
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TABLE  2  :  ROOF  VELOCITIES  MEASURED  HJ  SHOTS  3.  7.  8  AND  9 


SCALE^N^ 

Oo  (n/s) 

d  -  1  kg/n3 

d  -  12  kg/a3 

l/10th 

13 

30 

1/5  th 

13 

32 

Uo  -  initial  valocity 
d  -  loading  density 


i 
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FIGURE  5*  4  :  PRESSURE  GAGES  LOCATION  FOR  MODEL  WITH  A  BFNT  CORRIDOR 
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180*  lin® 


0*  line 


FIGURE  5  :  PRESSURE  CAGES  L0CATI0K  FOR  K02EL  SI’.'H  A  STRAIGHT  CORRIDOR 
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FIGURE  6  :  OVERPRESSURES  MEASURED  ON  THE  90*  LINE-BENT 
CORRIDOR  CONFIGURATION 
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Side* on  Overpressure  (x  lO^Pa) 


Scaled  Distance  Z  (o/kg^) 
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FIGURE  10  :  OVERPRESSURES  MEASURED  ON  TRS  270*  LINE-STRAICHT 
CORRIDOR  CONFIGURATION 
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INTRODUCTION 

This  paper  presents  an  analysis  of  the  deformation  and  potential  damage  caused  by  a  small 
accidental  explosion  to  a  critical  component  of  an  experiment  at  die  flame  source  in  a  high  intensity 
burner.  First,  die  accident  is  briefly  summarized.  Then,  upper  and  lower  bounds  for  the  explosive 
load  are  estimated.  Next,  a  finite  element  model  of  one  of  die  tkey  structural  components  is 
generated  and  the  simplifying  assumptions  are  critically  evaluated.  Then  the  results  of  the 
appropriate  finite  element  calculation  are  evaluated  and  the  effect  of  die  accident  on  the  structure  is 
presented. 

DESCRIPTION  OF  THE  PROBLEM 

The  experimental  test  fixture  that  serves  as  die  source  of  a  high-intensity  flame  consists  of 
four  burners,  two  liquid  oxygen  (LOX)  tanks,  four  gaseous  nitrogen  tanks,  four  tanks  filled  with 
powdered  aluminum,  the  requisite  connecting  tubes,  control  hydraulics,  and  electronic  controls. 
Figure  1  shows  a  highly  idealized  and  simplified  schematic  drawing  of  a  typical  section  of  the  test 
fixture.  Powdered  aluminum  is  added  by  gravity  feed  to  a  gaseous  nitrogen  flow  and  transported 
through  a  pipeline  into  the  center  of  a  mixing  nozzle.  Liquid  oxygen  flows  through  another 
pipeline  into  the  exterior  annulus  of  diis  mixing  nozzle  of  the  burner,  where  the  oxygen  is 
vaporized.  The  coaxial  streams  of  gas  and  aluminum  powder  mix  and  form  a  highly  combustible 
mixture  that  is  ignited  by  a  pilot  light  This  system  creates  a  vertical  plume  of  a  burning  mixture 
with  thermal  flux  properties  that  can  be  readily  controlled  with  respect  to  heat  flux  intensity, 
duration,  and  surface  area.  Upon  completion  of  each  test,  the  mixing  chambers  are  flushed  with 
their  respective  inlet  gases.  When  the  system  is  restarted,  there  is  a  period  of  initial  gas  flow  to 
flush  the  system  of  any  residual  fuel. 

One  test  run  was  made  with  a  much  finer  aluminum  powder  (6p.  nominal  particle  size)  to 
investigate  the  effect  of  increased  surface  area  of  the  disposed  fuel  on  the  thermal  flux.  The  next 

test  was  to  be  done  with  the  normal  size  (1  Sp,  nominal  particle  size)  aluminum  powder.  During  the 
initial  O2  flush  of  the  mixing  chambers,  a  small  explosion  took  place.  No.aluminum  powder  had 

yet  been  added  to  the  flow.  'Die  exterior  annular  walls  of  the  mixers  were  blown  off  and  visual 
flashes  were  noted  at  the  two  inner  burners.  Visual  examination  of  the  damaged  exterior  showed 
scorch  marks  on  the  support  stands.  The  nearby  liquid  oxygen  tank  is  mounted  within  a  large 
volume  of  thermal  insulation  and  could  not  be  conveniently  examined.  This  tank  is  connected  to 
the  mixing  chamber  through  a  flexible  pipe.  The  explosion  was  caused  by  a  small  amount  of 
unbumed  very  fine  aluminum  powder  that  had  fallen  back  into  the  exterior  annulus  of  the  mixing 
chamber  at  the  termination  of  that  run  and  that  had  not  been  removed  by  the  previous  gas  flush  or 
by  the  mechanical  cleaning  of  the  apparatus. 


The  mixer  and  the  external  piping  systems  can  be  visually  examined  and  quickly  repaired 
or  replaced  as  necessary.  Since  the  liquid  oxygen  tank  and  the  piping  system  internal  to  the  thermal 
insulation  cannot  be  conveniently  examined,  a  finite  dement  calculation  was  performed  to 
determine  whether  further  inspection  of  this  component  was  necessary. 
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METHOD  OF  APPROACH 


We  examine  in  detail  the  potential  structural  deformation  in  the  liquid  oxygen  tank  from 
this  event  Upper  and  lower  bounds  on  the  explosive  energy  release  is  the  mixing  chamber  are 
obtained.  The  transmission  of  this  energy  along  the  connecting  tubes  is  examined.  Finally  a 
structural  analysis  of  the  stresses  and  displacements  in  the  liquid  O2  tank  was  carried  out  using  a 

finite  element  analysis,  which  incorporated  a  constitutive  material  model  describing  work- hardening 
plasticity  to  match  the  behavior  of  stainless  steel  at  the  cryogenic  operating  temperatures. 

BOUNDS  ON  THE  ENERGY  RELEASE 


We  wish  to  establish  a  good  estimate  of  the  transient  load  that  was  incident  on  the  liquid 
oxygen  tank.  The  blast  load  will  originate  at  tire  mixer  and  then  be  propagated  through  the 
connecting  tubes.  Thus  we  will  first  present  the  upper  and  lower  bound  of  the  energy  released  at 
the  mixer.  The  upper  bound  on  the  energy  release  is  obtained  by  assuming  that  the  mixing  chamber 
was  completely  filled  with  pure  oxygen  at  STP  and  that  sufficient  aluminum  powder  was  present 
on  the  interior  surfaces  of  die  mixing  chamber  to  generate  a  stoichiometric  reaction.  The  volume  of 
the  annulus  is  280  cm^  (17  in-*),  which  would  contain  0.40  gm  or  0.0125  moles  of  O2  at  STP. 

The  surface  area  of  the  annulus  is  265  cm^  (41  in^).  The  volume  of  A1  powder  to 


stoichiometrically  react  with  the  oxygen  will  form  a  layer  6.3  {i.  thick.  The  heat  of  formation  for 
this  reaction  is  400  keal/mol  of  O2.  This  heat  release  was  equated  ro  the  detonation  energy  of  an 

equivalent  weight  of  TNT.  The  amount  of  TNT  equivalent  is  23  gm  (0.047  lb).  Distributing  the 
blast  effects  in  an  equivalent  sphere  and  evaluating  the  resulting  blast  pressure  of  12.4  MPa  (1750 
psi)  (Baker  et  al.,  1980)  at  its  radius  yielded  a  peak  side-on  pressure  at  the  location  where  the 
oxygen  inlet  tube  is  attached.  This  estimate  required  the  unlikely  combination  of  100%  efficiency 
of  the  reaction  and  uniform  coverage  of  all  interior  surfaces  by  the  aluminum  powder.  We  reduced 
our  estimate  of  the  energy  release  slightly  to  account  for  this  reduction  in  the  total  reaction 
efficiency.  Thus  the  upper  bound  estimate  used  here  is  10.3  MPa  (1500  pa). 


The  lower  limit  on  the  explosion  pressure  was  obtained  by  calculating  the  minimum 
internal  pressure  required  to  effect  the  observed  failure  pattern  in  the  annular  wall  of  the  mixing 
chamber.  The  annular  wall  of  radius  6.35  cm  (2JT  )  is  0.64  cm  (0.25H )  duck.  The  inlet  hole  from 
the  liquid  oxygen  line  is  3.81  cm  (1.5”)  in  diameter.  The  failure  pattern  was  a  tensile  in  response  to 
the  circumferential  tension  in  the  narrow  strip  between  the  cutout  and  the  top  and  bottom  edges  of 
the  annulus  (Figure  2).  Using  the  stress  concentration  factor  from  Savin  (1961)  and  a  typical 
ultimate  stress  for  aluminum,  we  obtain  a  lower  bound  of  3.1  MPa  (450  psi)  for  the  internal 
pressure. 


ANALYSIS  OF  THE  STRESSES  IN  THE  LOX  TANK 


The  loaded  components  of  the  system  consist  of  the  liquid  oxygen  tank  and  the  pipe 
sections  (Figure  3).  The  tank  is  held  in  an  aluminum  container  that  provides  for  handling  as  well  as 
the  insulation  of  the  tank.  The  tank  walls  and  the  piping  from  the  tank  to  the  support  structure  are 
type  304  stainless  steel.  The  tank  is  a  cylinder  with  tore-spherical  head.  The  main  body  of  the  tank 
is  Schedule  5  pipe  with  a  radius  of  30.48  cm  (12  in)  and  a  thickness  of  0.554  cm  (0.218  in).  The 
spherical  portion  of  the  head  has  a  radius  of  60.96  cm  (24  in),  while  toroidal  segment  has  a  radius 
of  3.81  cm  (  1.5  in).  The  head  has  the  same  thickness  as  the  cylindrical  wall.  The  two  stainless 
steel  pipe  segments  from  the  tank  are  symmetrically  offset  from  the  center  of  the  torospherical  cap 
and  separated  by  10.08  cm  (4  in).  The  pipe  OD  is  4.826  cm  (1.9  in)  and  the  wall  thickness  is  0.368 
cm  (0.145  in).  Each  pipe  segment  has  a  90°  elbow  between  the  cap  and  the  exterior  support 
structure.  The  piping  exterior  to  the  structure  is  flexible  cotp-.r  tubing.  The  temperatures  of  the 
tank  and  of  the  piping  interior  to  the  support  structure  are  maintained  at  the  boiling  temperature  of 
liquid  oxygen  , -183  C  (-297  F).  The  initial  internal  pressure  of  the  tank  is  1.03  MPa  (150  psi). 
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The  pressure  pulse  that  is  felt  at  die  oxygen  tank  is  transmitted  through  the  fluid  contained 
in  about  2  m  of  flexible  copper  tubing  and  the  inner  stainless  steel  tubing.  The  liquid  oxygen  was 
flowing  at  the  time  of  the  incident  at  a  velocity  of  about  0.4  m/s.  The  blast  load  is  assumed  to  be  a 
rectangular  pulse,  the  duration  of  which  is  determined  by  the  largest  interior  dimension  of  the 
mixing  chamber.  This  upper  bound  blast  pressure  in  the  mixing  chamber  generates  an  acoustic 
pulse  propagating  backwards  in  the  pipe  that,  by  Joukowsky’s  formula  (Nekrosov  1969)  is  just 
sufficient  to  stop  the  flow.  The  pressure  in  the  pipe  is  transferred  to  the  pipe  structure  itself  at  the 
elbow.  The  magnitude  of  the  static  applied  load  is  equal  to  the  upper  bound  pressure  times  the 
cross  section  area  of  the  pipe.  This  load  is  applied  normal  to  the  plane  containing  the  tank  axis  and 
the  centerlines  of  the  two  attached  pipes.  The  "water  hammer"  model  presented  here  describes  a 
pulse  that  will  traverse  the  length  of  the  tube  essentially  unaltered.  Estimates  of  pressure  losses  due 
to  will  friction,  viscosity,  pipe  curvature,  wave  reflection  at  any  bends,  N-wave  dispersion,  and 
acoustic  radiation  into  die  surround  air  or  thermal  insulation  were  made  and,  collectively,  the 
decrement  in  the  shock  pressure  jump  is  less  than  10%  of  the  initial  value.  We  ignore  these  losses 
to  remain  conservative. 

There  is  one  load  reduction  factor  that  should  not  be  ignored.  The  pressure  pulse  in  the 
pipe  has  a  very  short  duration  that  is  small  compared  to  the  lowest  period  of  vibration  of  the  tank. 
Thus  only  a  snail  fraction  of  the  applied  force  will  be  activated.  For  structural  motion  calculations 
on  a  single-degree-of-freedom  system  a  dynamic  load  factor  (DLF)  is  defined  for  a  rectangular 
pulse  of  duration,  t,  by  (Norris  et  al.,  1959) 

DLF *=  2 sin (?t t/T ) ,  t<T 

where  T  is  the  period  of  the  single-degree-of-freedom  structure.  The  dynamic  load  factor  is  the 
number  by  which  the  deflection,  which  is  produced  by  a  static  load,  is  multiplied  to  obtain  the 

dynamic  deflection.  For  this  problem,  the  pulse  duration  is  about  3  x  10*^  ,  die  fundamental 

period  of  the  tank  is  about  3  x  10*3  thus,  die  dynamic  load  reduction  factor  is  0.06. 

The  stresses  that  might  be  expected  in  the  liquid  oxygen  tank  were  calculated  using  the 
commercial  finite  element  code,  ABAQUS  [Hibbett,  Karlsson  and  Sorenson  (1978)].  The 
assumptions  for  this  calculation  are  made  in  a  conservative  manner  and  thusthe  reported  results  are 
a  "worst  case”  scenario.  The  first  assumption  is  that  the  pressure  wave  reaches  the  external  pipe  - 
LOX  tank  connection  unchanged  in  both  magnitude  and  shape.  Pressure  pulse  losses  will  probably 
occur  due  to  shock  transmission  to  the  air  and  to  the  flexible  hosing  and  due  to  friction  at  the 
liquid-pipe  interface.  Estimates  of  the  pressure  drop  in  an  acoustic  mode  (e.  g.  Nekrasov  1969) 
and  in  an  incompressible  waterhammer  mode  (Parkmakian  1963)  suggested  that  these  loss 
mechanisms  would  be  of  the  order  of  10%  to  20%  for  the  transmitted  impulse.  The  second 
assumption  is  that  the  welded  connections  between  the  tank  head  and  the  exit  pipes  have  no  fillets 
or  thickened  regions.  Further,  the  angles  of  the  joints  are  not  rounded  by  the  welding  material. 
This  is  a  conservative  assumption  because  most  welded  joints  will  exhibit  some  material  thickening 
at  the  joint  and  the  rounding  off  of  the  sharp  angles  there.  An  additional  assumption  is  that  the 
loads  are  borne  solely  by  the  tank  itself.  In  reality,  some  of  the  load  will  be  absorbed  by  the 
external  supporting  structure,  for  example,  through  deformation  of  the  aluminum  wall  at  the  pipe 
exit  supports  or  by  permanent  deformation  or  compaction  of  the  thermal  insulation.  Aportion  of  the 
blast  energy  is  contained  in  the  kinetic  energy  of  a  back  flow  in  the  liquid  oxygen  stream.  Some 
portion  of  tltis  load  will  not  be  picked  up  by  the  elbow  but  will  initiate  a  sound  pulse  into  the  liquid 
contents  in  the  tank  and,  thus  dispersed,  will  be  involved  with  the  short-time  tank  deformation 
considered  here.  We  ignore  this  contribution. 

The  finite  element  mesh  for  one  quarter  of  the  structure  is  shown  in  Figure  4.  The  LOX 
tank  has  two  off-center  exit  tubes  (one  of  which  is  shown  on  this  drawing).  The  tank  itself  is 
modeled  as  a  thin  cylindrical  shell  with  a  torospherical  head.  The  tank  is  subjected  to  the  initial 
internal  pressure  of  1.03  Mpa  (150  psi)  followed  by  the  blast  pressure.  The  blast  load  in  the 
flowing  oxygen  stream  is  a  rectangular  pulse  with  a  constant  pressure  equal  to  the  upper  bound 
limit.  The  total  force  is  the  product  of  the  pressure  times  the  cross-section  area.  This  load  is 
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transferred  to  the  inlet  pipe  at  the  90°  elbow  (only  one  side  of  the  elbow  is  shown)  and  is 
represented  by  a  tangential  force  of  750  N  (3350  lbs)  applied  at  the  top  of  d*  pipe  stem.  The  static 
equivalent  tangential  load  that  is  applied  to  the  tank  and  pipe  connector  system  is  the  above  load 
multiplied  by  the  dynamic  load  reduction  factor  appropriate  to  this  problem  and  is  45  N  (200  lbs). 

An  elastic  analysis  showed  that  the  elastic  limit  condition  was  exceeded  in  a  very  small 
region  near  the  pipe-tank  head  juncture.  An  elastic-plastic  analysis  using  a  von  Mises  yield 
condition  and  including  work  hardening  to  fit  the  experimental  stress-strain  cur/e  for  type  304 
stainless  steel  at  -183  C  was  used.  Figure  5  shows  the  contours  of  the  maximum  octahedral  stress 
for  the  entire  structure.  A  detail  of  this  stress  component  near  the  pipe-tank  juncture  is  shown  in 
Figure  6.  The  stress  concentration  is  just  at  yield  at  the  juncture.  Consideration  of  the  maximum 
strain  component  at  that  point  (Figure  7)  shows  that  the  material  is  still  well  below  ultimate  as  only 
16%  of  the  available  plastic  work  was  used.  This  excursion  beyond  yield  was  confined  to  ?.  very 
small  region. 

CONCLUSIONS 

The  oxygen  tank  was  loaded  by  a  pressure  pulse  that  was  transmitted  along  the  fluid  in  the 
piping  system  between  the  mixing  chamber  and  the  tank.  The  pressure  signal  that  reached  the  tank 
should  be  low  enough  not  to  cause  any  damage.  The  worst  case  combination  of  loads,  pipe  losses, 
etc.,  in  the  system  could  generate  a  load  at  the  tank  that  v/ould  result  in  a  very  localized  region 
wherein  the  stresses  were  above  yield  but  were  well  below  the  ultimate  capacity.  At  the  more 
probable  lower  limit,  the  response  of  the  tank  would  be  well  below  the  proportional  limit. 
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Figure  3.  Schematic  diagram  of  the  liquid  oxygen  tank,  internal  piping, 
and  support  structure. 


Figure  4.  Finite  clcr.'ent  mesh  of  the  liquid  oxygen  tank. 


Figure  5.  Contours  of  the  octahedral  stress,  von  Mises  elastic-plastic 

mode!  with  work-hardening,  Type  304  stainless  steel  at  -183  C 
48  N  applied  tangentially  to  the  pipe  stub  and  normal  to  the 
symmetry  plane  that  includes  both  pipe  stubs. 
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FIVE-PART  TEST  PROTOCOL  FOR  EVALUATING  REACTIVITY  OF  EXPLOSIVE 

contaminated  waste  substances 


By  T.  S.  Bajpayee*  and  Richard  J.  Mainiero* 


ABSTRACT 

The  Bureau  of  Mines,  U.S.  Department  of  the  Interior,  has  conducted 
research  to  evaluate  the  explosive  reactivity  of  explosive-contaminated  waste 
substances  generated  by  U.S.  Army  ammunition  plants.  These  substances  are 
produced  as  explosive-contaminated  sludge  from  waste-water  treatment  plants, 
residues  from  burning  of  munitions  and  explosives  on  open  ground,  and  residues 
from  deactivation  furnaces.  The  characterization  of  explosive  reactivity  is  a 
prerequisite  for  disposal  of  such  waste  materials,  which  may  be  contaminated 
with  primary  explosives,  pyrotechnic  materials,  smoke  mixtures,  signal  flares, 
and  missile  propellants  among  others.  The  Bureau  originally  suggested  a  two- 
part  test,  protocol  consisting  of  gap  and  internal  Ignition  tests.  These  tests 
were  proposed  to  evaluate  the  sensitivity  to  shock  and  thermal  stimulus  of  the 
test  sample.  More  than  400  samples  were  tested  and  reported.  However, 
recently  the  Bureau  revised  the  test  protocol  and  Included  three  more  tests  to 
address  the  requirements  of  Title  49  Code  of  Federal  Regulations,  Parts 
173.51,  173.53,  and  173.114a.  These  tests  are  thermal  stability,  impact 
sensitivity,  and  electrostatic  sensitivity.  The  purpose  of  this  five-part 
test  protocol  is  to  evaluate  the  explosive  reactivity  as  defined  in  Title  40, 
Code  of  Federal  Regulations,  Part  261.23(a)(6)  and  (7).  This  paper  presents 
the  method  of  testing  and  the  evaluation  criteria  of  the  five-part  test 
protocol . 

INTRODUCTION 

The  Bureau  of  Mines  has  conducted  research  to  establish  methods  and 
criteria  to  evaluate  the  explosive  reactivity  of  explosive-contaminated  solid 
waste  substances  generated  by  U.S.  Army  ammunition  plants.  These  substances 
are  contaminated  with  various  primary  explosives,  propellants,  and  pyrotechnic 
mixtures.  The  degree  of  explosive  contamination  may  range  from  a  few  parts 
per  million  to  10  percent.  Such  samples  are  generated  as  sludge  from  waste 
water  treatment  plants,  residue  from  burning  of  munitions  and  explosives  on 
open  ground,  and  residues  from  deactivation  furnaces.  Uniform  testing  methods 
and  assessment  criteria  were  developed  to  evaluate  the  explosive  reactivity  of 
substances  generated  from  all  three  sources.  The  purpose  of  this  research 
initiative  was  to  develop  tests  suitable  for  determining  the  properties 
described  in  40  CFR  261  Sufcpart  C,  "Characteristics  of  Hazardous  Waste,"  and 
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in  particular,  paragraph  251.23(a)(6)  and  (7),  "Characteristic  of  Reactivity," 
which  defines  a  solid  waste  as  having  the  characteristic  of  reactivity  if  it 
has,  among  others,  any  of  the  following  properties: 

(a)(6)  Capable  of  detonation  or  explosive  reaction  if  subjected  to  a  strong 
initiation  source,  or  if  heated  under  confinement. 

(a)(7)  Readily  capable  of  detonation  or  explosive  decomposition  or  reaction  at 
standard  temperature  and  pressure. 

The  Bureau  is  a  recognized  expert  in  the  field  of  explosives  and  Is 
represented  in  many  national  and  international  organizations.  At  the  request 
of  the  U.S.  Environmental  Protection  Agency  and  the  U.S.  Department  of 
Defense,  the  Bureau  Initiated  research  to  establish  testing  methods  and 
criteria  for  characterizing  the  reactivity  of  explosive-contaminated  solid 
waste  substances.  The  characterization  of  explosive  reactivity  of  such 
substances  is  a  prerequisite  for  their  disposal.  This  research  was  aimed  at 
evaluating  detonability  or  explosive  reactivity  when  subjected  to  a  strong 
Initiating  source  or  heated  under  confinement.  Originally  two  tests  were 
proposed:  The  Bureau  of  Mines  gap  test  and  the  Bureau  of  Mines  internal 
ignition  test. 

The  gap  test  is  an  arrangement  for  determining  the  response  of  a 
substance  to  a  shock  stimulus  under  confinement.  The  sample  Is  contained  In  a 
length  of  steel  tubing  and  subjected  to  the  shock  stimulus  from  the  detonation 
of  a  pentolite  booster  in  contact  with  the  sample.  The  occurrence  of 
detonation  is  determined  by  fragmentation  of  the  tubing,  the  rate  of 
propagation  of  the  pressure  wave  in  the  sample  (using  an  electronic  velocity 
probe),  and  the  perforation  of  a  steel  plate  at  the  end  of  the  pipe  opposite 
the  booster. 

The  internal  ignition  test  is  an  arrangement  for  determining  the 
response  of  a  sample  to  heating  by  internal  ignition  under  confinement.  The 
sample  is  placed  in  a  steel  pipe  capped  at  both  ends.  An  igniter  capsule 
containing  20  g  of  FFFg  black  powder  inserted  in  the  center  of  the  sample  is 
ignited.  The  response  of  the  sample  is  observed  according  to  various  degrees 
of  reaction  (failure  to  ignite;  partial  burning;  cap  blown  off;  pipe  bulged, 
split,  or  laid  open;  pipe  fragmented;  and  pipe  and  caps  fragmented).  The 
fragmentation  of  the  pipe  and/or  caps  into  more  than  two  distinct  pieces 
indicates  explosive  reactivity.  It  is  considered  necessary  to  perform  both 
tests  since*  there  are  materials  that  are  sensitive  to  ignition  under 
confinement  but  not  to  shock;  there  are  others  that  are  sensitive  to  shock  but 
not  to  ignition  under  confinement. 

The  Bureau  suggested  three  more  tests  to  address  the  requirements  of 
Title  49  Code  of  Federal  Regulations,  Parts  173.51,  173 . 53,  and  173.114a. 

These  are  the  thermal  stability  test,  impact  sensitivity  test,  and 
electrostatic  sensitivity  test. 

The  thermal  stability  test  mandated  by  49  CFR  173.51(a)  is  designed  to 
measure  the  stability  of  a  substance  when  subjected  to  elevated  thermal 
conditions.  This  test  determines  if  the  substance  is  too  hazardous  to 
transport  under  elevated  temperature  conditions. 


The  impact  sensitivity  test  is  used  to  measure  the  sensitiveness  of  a 
substance  to  mechanical  stimuli  involving  normal  impact  to  determine  if  the 
substance  is  too  hazardous  to  transport. 

The  electrostatic  sensitivity  test  evaluates  the  hazard  of  initiation  of 
explosive  substance  by  electrostatic  spark.  According  to  49  CFR  173.114a, 
blasting  agents  should  not  ignite  when  exposed  to  6  mJ  delivered  from  a  0.002- 
to  0.004-  wF  capacitor.  This  paper  provides  a  description  of  the  five-part 
test  protocol. 

EXPERIMENTAL  SETUP  AND  TEST  PROCEDURE 
Bureau  of  Mines  Gap  Test 

The  apparatus  for  the  Bureau  of  Mines  gap  test  is  shown  In  figure  1. 

The  test  sample  is  contained  in  a  cylinder  of  IS-in-  (40.6  cm)  long,  1-1/2-in- 
diameter  schedule  80  black  seamless  steel  mechanical  tubing.  The  mechanical 
tubinq  holds  a  sample  of  425  mL.  A  mild  steel  witness  plate  6  in  (15.24  cm) 
square  and  0.125  in  (0.32  cm)  thick  is  mounted  at  the  upper  end  of  the  sample 
tubing  and  separated  from  It  by  spacers  of  0.062-1n  (0.16-cm)  thickness.  The 
bottom  of  the  cylinder  is  closed  with  two  layers  of  0.003-1n  (0.008-cm)  thick 
polyethylene  sheet  held  in  place  with  gum  rubber  bands  and  polyvinyl  chloride 
electrical  insulating  tape.  There  is  no  other  gap  between  the  pentolite 
booster  and  the  test  sample  as  used  in  this  test.  A  continuous  velocity  ot 
detonation2  probe  made  of  thin  aluminum  tube  with  an  axial  resistance  wire 
having  a  resistance  of  7.62  ohms/ in  (3.0  n/cm)  is  mounted  on  the  wall  of  the 
sample  tubing.  The  outer  tubing  of  the  probe  is  crimped  against  the  inner 
wire  at  the  lower  end,  forming  a  resistor.  When  this  assembly  is  inserted  In 
a  medium  that  transmits  a  shock  wave,  the  outer  wall  crushes  against  the  inner 
wire  as  the  wave  moves  up  the  tubing,  shortening  the  effective  length  and 
changing  the  resistance.  If  a  constant  current  (usually  0.06  A)  is  made  to 
flow  between  the  outer  and  inner  conductors,  the  voltage  between  them  is 
proportional  to  the  effective  length  and  can  be  recorded  as  a  function  of  time 
using  an  oscilloscope.  The  slope  of  the  oscilloscope  trace  is  thus 
proportional  to  the  velocity  of  the  shock  wave. 

The  apparatus  fcr  the  gap  test  for  liquids  is  the  same  as  that  for 
solids  except  that  a  method  of  injecting  bubbles  into  the  liquid  sample  is 
provided.  The  experimental  setup  is  shown  in  figure  2  The  bulbles  are 
injected  by  means  of  a  0.925-in  (2.35-cm)  diameter  loop  of  vinyl  plastic 
tubing  located  at  the  bottom  of  the  sample.  The  tubing  is  the  type  used  for 
medical  catheterization  with  an  outside  diameter  of  0.07  in.  (0.18  cm)  and  a 
wall  thickness  of  0.016  in  (0.04  cm).  The  loop  is  perforated  with  two  rows  of 
holes  diametrically  opposite  each  other  with  the  holes  in  each  row  spaced 
0.125  in  (0.32  cm)  apart.  The  holes  are  made  by  inserting  a  0.05-in  (0.13-cm) 
diameter  needle  through  the  wall  of  the  tubing.  Owing  to  the  elastic  nature 
of  the  tubing,  the  holes  contract  almost  completely  when  the  needle  is 
withdrawn,  so  the  actual  hole  diameter  is  much  smaller  than  0.04  in  (0.1  cm). 
The  tubing  is  sealed  at  one  end  of  the  loop  with  epoxy  cement,  and  a  length  of 
the  tubing  from  the  other  end  of  the  loop  is  led  outside  to  thq  air  supply 


2Ribovich,  J.,  R.  W.  Watson,  and  F.  C.  Gibson.  Instrumented  Card-Gap 
Test.  AIAAJ.,  v.  6,  Nc.  7,  1968,  pp.  1260-1263. 
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through  a  hole  in  the  steel  tubing,  which  Is  also  sealed  with  epoxy  cement. 

Air  is  supplied  at  a  pressure  of  0.3  to  1.0  atm  (30  to  100  kPa)  to  obtain  a 
flow  rate  of  2.5  f t3/h  (1.2  L/mln).  Where  It  Is  suspected  that  the  sample  may 
react  with  the  steel  tube,  the  Inside  of  the  tube  Is  sprayed  with  a 
fluorocarbon  resin  coating. 

The  sample  Is  loaded  to  the  top  of  the  steel  tube.  For  liquid  samples, 
adequate  ullage  should  be  allowed.  Solid  samples  are  loaded  to  the  density 
attained  by  tapping  the  cylinder  until  further  settling  becomes  Imperceptible. 
The  sample  at  25  ±  3*  C  Is  subjected  to  the  shock  wave  generated  by  the 
detonation  of  a  pentollte  (50-50  PETN-TNT)  pellet,  2  In  (5.08  cm)  In  diameter 
and  2  In  (5.08  cm)  thick,  having  a  density  of  1.6  ±  0.05  g/cm3.  The  pentollte 
pellet  Is  butted  against  the  bottom  of  the  test  sample  and  Initiated  with  a 
No.  8  strength  electric  detonator.  The  detonator  Is  held  In  place  by  a  cork 
detonator  holder.  Three  tests  are  performed  on  each  sample. 

The  criteria  for  detonation  propagation  are-- 

(a)  The  sample  tube  Is  fragmented  along  Its  entire  length,  and 

(b)  A  hole  Is  punched  In  the  witness  plate,  and 

(c)  A  stable  propagation  velocity  greater  than  4,900  ft/s  (1.5  taq/s)  Is 
observed. 

Bureau  of  Hines  Internal  Ignition  Test 

The  experimental  arrangement  Is  shown  In  figure  3.  The  sample  to  be 
tested  Is  contained  In  an  18-1n  (45.7-cm)  long  by  3-ln-dlameter  schedule  80 
carbon  steel  pipe  with  an  Inside  diameter  of  2.9  In  (7.37  cm),  a  wall 
thickness  of  0.30  In  (0.76  cm),  and  capped  at  both  ends  with  forged  steel  pipe 
caps.  The  pipe  holds  a  sample  of  1,950  mL. 

The  sample  Is  subjected  to  the  thermal  and  pressure  stimuli  generated  by 
an  Igniter  consisting  of  0.7  oz  (20  g)  of  FFFg  black  powder  located  at  the 
center  of  the  sample  vessel.  The  Igniter  assembly  consists  of  a  cylindrical 
container  0.81  In  (2.06  cm)  in  diameter  and  2.5  In  (6.4  cm)  long,  which  Is 
made  of  0. 01-In  (0.0254-cm)  thick  cellulose  acetate,  held  together  by  two 
layers  of  nylon-filament-reinforced  cellulose  acetate  tape.  The  igniter 
capsule  contains  an  Ignition  source  that  Is  a  resistance  heater,  the 
resistance  heater  consists  of  a  small  loop  formed  from  a  l-1n  (2.54-cm)  long 
nickel -chromium  alloy  resistance  wire  0.012  In  (0.030  cm)  In  diameter  having  a 
resistance  of  0.343  ohm.  This  loop  Is  attached  to  two  Insulated  tinned  copper 
lead  wires  0.026  in  (0.066  cm)  In  diameter.  The  overall  wire  diameter 
Including  Insulation  Is  0.05  In  (0.127  cm).  The  lead  wires  for  the  Igniter 
are  fed  out  through  a  1/8- In  schedule  40  seamless  steel  pipe  attached  to  one 
of  the  pipe  caps. 

For  gelatinous  samples,  the  substance  is  packed  as  nearly  as  possible  to 
Its  normal  shipping  density.  For  granular  samples,  the  substance  Is  loaded  to 
the  density  obtained  by  repeated  tapping  of  the  pipe  against  a  herd  surface. 
The  Igniter  Is  fired  by  a  15-A  current  obtained  from  a  20-V  transformer. 

Three  tests  are  performed  on  each  sample.  The  sample  Is  tested  at  a 
temperature  of  25  ±  3*  C. 


The  criterion  used  for  Interpretation  of  a  positive  result  Is  that  ' 
either  the  pipe  or  at  least  one  of  the  end  caps  must  be  fragmented  Into  at 
least  two  distinct  pieces.  Results  In  which  the  pipe  Is  merely  split  or  laid 
open  or  In  which  the  pipe  or  caps  are  distorted  to  the  point  at  which  the  caps 
are  blown  off  are  considered  to  be  negative  results. 

Thermal  Stability  Test  i 

The  test  Is  conducted  In  two  phases.  The  first  phase  Is  used  to 
determine  If  a  sample  shows  thermal  Instability  by  observing  whether  Ignition, 
explosion  color  change,  weight  loss,  etc.,  occurred.  The  second  phase  Is  used 
to  determine  the  severity  of  the  thermal  instability  by  measuring  the  extent 
of  temperature  rise  with  thermocouples.  The  second  phase  is  run  only  if  the 
first  phase  does  not  provide  a  definite  conclusion  regarding  the  stability  of 
the  substance. 

During  the  first  phase  of  the  test  a  sample  of  up  to  50  g  is  transferred 
to  a  beaker,  covered,  and  weighed.  The  beaker,  with  cover.  Is  placed  in  an 
oven  and  heated  at  75*  C  for  48  h;  unless  an  Ignition  or  explosion  occurs  In 
the  sample,  the  beaker  is  then  removed,  cooled  in  a  desiccator,  and  weighed. 
The  •’olatility  (weight  loss  as  a  percentage  of  the  sample  weight)  is 
calculated.  In  dealing  with  an  unknown  substance,  several  screening  tests 
with  a  sample  size  much  less  than  50  g  are  performed  to  get  a  feel  for  the 
behavior  of  the  substance. 

Figure  4  shows  the  experimental  setup  for  conducting  the  second  phase  of 
the  test.  Approximately  100  g  or  100  mL  of  the  sample  is  placed  in  a  test 
tube,  and  the  same  quantity  of  inert  reference  substance  (generally  quartz 
sand)  is  placed  in  the  other  tube.  Thermocouples  are  inserted  into  the  tubes 
at  half-height  of  the  materials.  Another  thermocouple  is  used  to  record  the 
temperature  of  the  oven.  The  temperature  difference  (if  any)  between  test 
sample  and  reference  is  measured  for  48  h  after  the  sample  and  reference 
substance  reach  75*  C.  Unless  an  ignition  or  explosion  occurs,  the  sample 
tube  is  removed,  cooled  in  the  desiccator,  and  weighed.  Evidence  of 
decomposition  of  the  sample  is  also  noted. 

The  criteria  for  assessing  results  follow: 

(a)  For  the  first  phase  of  the  test,  an  ignition  or  explosion  indicates  a 

positive  result  and  the  sample  is  considered  thermally  unstable. 

(b)  For  the  second  phase  of  the  test,  the  sample  is  considered  thermally 

unstable  if  an  ignition  or  explosion  occurs  or  if  a  temperature 
difference  of  3*  C  or  more  is  recorded  between  the  test  substance  and 
the  reference  material. 

Impact  Sensitivity  Test 

The  impact  sensitivity  apparatus  is  designed  to  study  the  effect  of 
mechanical  impact  of  a  free-falling  3.63-kg  (8-lb)  weight  on  the  test  sample. 
Figure  5  shows  an  overview  of  the  impact  testing  apparatus,  and  figure  6  shows 
the  sample  holder  assembly.  This  test  Is  performed  pursuant  to  49  CFR  173.53 
Note  4.  The  free-falling  weight  is  guided  through  two  vertical  steel  guide 
posts  and  hits  a  plunge  and  plug  assembly.  The  impact  is  transmitted  to  the 
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sample  under  test,  which  Is  placed  on  a  die-and-anvll  assembly  and  confined  In 
a  cylindrical  casing.  The  inside  diameter  of  the  casing  is  just  sufficient  to 
permit  free  vertical  movement  of  the  plunger  and  plug.  To  conduct  a  test,  the 
free-falling  weight  is  raised  to  a  height  of  25  cm  (10  in),  and  approximately 
10  mg  of  the  sample  is  loaded  on  the  die.  The  anvil  and  die  are  placed  in  the 
sample  housing,  and  the  casing  is  screwed  in.  The  plug  and  the  plunger  are 
then  inserted  on  the  top.  The  sample  assembly  is  placed  in  position,  and  the 
drop  weight  is  released  from  a  height  of  25  cm  (10  in).  At  least  10  tests  are 
performed  on  each  sample. 

The  criteria  for  assessing  the  results  are  that  an  audible  report,  flame 
and/or  smoke,  and/or  obvious  decomposition  of  the  sample  indicate  a  positive 
result.  When  testing  solid  or  paste  materials,  the  sample  may  appear  to 
partially  decompose,  discolor,  or  liquify.  Unless  considerable  smoke,  noise, 
and/or  other  evidence  of  extensive  decomposition  is  present,  the  test  should 
be  recorded  as  negative. 

Electrostatic  Sensitivity  Test 

This  test  is  designed  to  determine  the  ease  with  which  a  substance  is 
ignited  by  electrostatic  spark.  Figure  7  shows  an  overview  of  the  spark 
sensi-tivity  test  chamber,  figure  8  shows  the  electrode  assembly,  and  figure  9 
shows  the  schematic  circuit  diagram.  Approximately  60  mg  of  sample  is  placed 
on  a  0.95-cm-diameter  hole  in  a  plastic  plate  measuring  5  cm  by  5  cm  by  0.16 
cm  thick,  which  is  in  turn  placed  atop  a  copper  base  plate.  A  steel  needle 
positioned  above  the  sample  acts  as  an  electrode  for  the  discharge  of  a 
capacl-tor,  thereby  producing  a  spark  which  passes  through  the  sample  to  the 
copper  base  plate.  Prior  to  testing,  the  needle  is  positioned  well  above  the 
sample  and  is  disconnected  from  the  charged  capacitor.  For  conducting  a  test, 
the  needle  is  connected  to  the  charged  capacitor  through  a  vacuum  relay 
switch,  and  a  solenoid  simultaneously  lowers  the  needle  to  within  0.32  cm  of 
the  base  plate.  When  the  needle  gets  sufficiently  close  to  the  sample  (a  few 
mil 1  i -  meters),  the  intervening  air  breaks  down  and  the  resulting  spark  passes 
through  the  sample.  This  is  called  the  "approach-gap*  mode  of  operation  and 
is  more  convenient  to  use  than  a  fixed  gap  distance.  The  spark  passing 
through  the  sample  may  or  may  not  cause  an  ignition,  depending  on  the  spark 
sensitivity  of  the  material  and  the  energy  of  the  spark.  The  energy  is  varied 
by  adjusting  the  voltage  and  the  capacitance.  According  to  49  CFR  173.114a 
the  sample  should  not  ignite  at  any  trial  when  exposed  to  a  spark  energy  level 
of  0.006  mJ.  However,  the  Bureau  recommends  additional  testing  to  identify 
the  maximum  energy  level  at  which  no  initiation  occurs  in  10  successive 
trials. 

The  criterion  established  by  the  Bureau  for  a  positive  reaction  is  the 
appearance  of  flame,  smouldering,  or  glow  in  the  test  sample.  A  visible 
flash,  shooting  sparks  from  the  sample,  or  visibly  burned  areas  in  the 
residual  sample  indicate  positive  reaction.  Since  the  spark  sometimes 
scatters  the  sample  (usually  finely  powdered),  even  when  there  is  no  reaction, 
sample  consumption  is  not  a  reliable  indicator.  The  test  result  is  reported 
as  the  threshold  initiation  level,  the  maximum  spark  energy  level  at  which  no 
initiation  occurs  in  10  successive  trials. 
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VALIDATION  TESTS 


Validation  of  the  gap  and  internal  ignition  tests  was  done  as  part  of 
the  original  effort  In  developing  these  tests.  The  rationale  of  the 
validation  was  to  set  the  test  stimulus  relative  to  a  suite  of  substances,  all 
of  which  possess,  at  least  theoretically,  some  capacity  for  energy-releasing 
chemical  reaction.  In  addition  to  materials  with  known  explosive  properties, 
such  as  explosives,  blasting  agents,  and  propellants,  the  tests  included  (1) 
substances  that  are  of  minimal  explosive  hazard  but  that  still  have  exhibited 
some  potential  to  detonate  or  violently  burn  with  sufficiently  strong  stimulus 
and  confinement,  and  (2)  substances  that,  while  theoretically  capable  of 
releasing  energy  when  decomposed,  have  not  been  known  to  burn  or  detonate  as  a 
result  of  involvement  in  transport  or  storage  (such  as  dense-prilled  ammonium 
nitrate  and  dinltrotoluene).  The  stimuli  of  the  two  tests  were  set  at  values 
that  would  give  positive  results  for  as  many  as  possible  of  the  first  type  of 
substance,  while  giving  negative  results  for  as  many  as  possible  of  the  second 
type  of  substance.  Table  1  lists  reference  substances  and  the  test  results. 

DISCUSSION 

The  Bureau  has  evaluated  over  400  samples  of  contaminated  soil,  sludge, 
and  burning  residue  using  the  gap  and  internal  ignition  tests.  Only  two 
samples  showed  evidence  of  explosive  reactivity.  One  sample  showed  a  positive 
result  in  the  Internal  ignition  test.  The  sample  reacted  violently  to  the 
thermal  stimulus.  The  end  caps  were  blown  off,  and  the  pipe  was  fragmented 
into  more  than  three  pieces.  The  other  sample  reacted  violently  in  the  gap 
and  internal  ignition  tests.  In  the  gap  test,  the  pipe  was  fragmented  into 
small  pieces,  a  hole  of  approximately  3- in  diameter  was  punched  in  the  witness 
plate,  and  the  detonation  velocity  probe  showed  a  rate  in  excess  of  2  kra/s. 

In  the  Internal  ignition  test,  the  end  caps  were  blown  off  and  the  pipe 
fragmented  in  more  than  three  pieces.  However,  the  majority  of  the 
contaminated  samples  were  nonreactive  relative  to  40  CFR  261.23(a)(6)  and  (7). 
Over  20  samples  were  tested  using  this  5-part  test  protocol;  none  showed  any 
evidence  of  reactivity. 


Table  1.  -  Examples  of  validation  tests  for  various  reference  substances 


Type  of 

Reference 

Substance 

Blasting 

Agents 

High 

Explosive 


Propellants 


Marginally 

Reactive 


Sample  Designation 


Gap 

Test 


Internal 

Ignition 

Test 


Water  gel  (TNT  sensitized) 

Ammonium  nitrate-fuel  oil 

Nltroguanldine 

Water  gel  (amine  nitrate  sensitized) 
Granular  TNT 
Flake  TNT 


Propellant 

Propellant 

Propellant 

Propellant 

Propellant 

Propellant 

Propellant 


(cannon)- 

(cannon)- 

(cannon)- 

(cannon)- 

(cannon)- 

(cannon)- 

(cannon) 


-sample  A 
-sample  B 
-sample 
-sample 
-sample 
-sample 
-sample 


Benzoyl  peroxide,  powder 
Sodium  plcramate 

Ammonium  perchlorate,  coarse  crystals 
Ammonium  perchlorate,  fine  crystals 
Nitrocellulose,  13.3%  N,  20%  water 
Nitrocellulose,  11.5%  N,  20%  water 

2.4- Dlnltrophenol ,  granular 
Guanidine  nitrate,  granular 
Nitrocellulose,  13.2%  N,  30%  ethanol 
Nitrocellulose,  11.5%  N, 

30%  Isopropanol 

Ammonium  perchlorate,  fine  crystals, 
low  density 

2.4- Dlnitrotoluene,  granular 
m-Dinltrobenzene,  dry,  fine  crystals 
Smokeless  powder  (small -arms) 
Potassium  chlorate  lactose  (50/50) 
Nitrocellulose  13.3%  N,  dry 
Ammonium  nitrate  prills,  low  density 
Ammonium  nitrate  prills, 

medium  density 
Ammonium  nitrate  prills, 
high  density 


P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

N 

N 

N 

P 

P 

P 

P 

P 

P 


P 

P 

P 

P 

P 

P 

N 


P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

N 

P 

P 

P 

P 

P 

N 

N 

P 


P 

N 

P 

P 

P 

P 

N 


P  -  Positive  -esult;  N  -  Negative  result. 


UNIT  OF  MEASURE  ABBREVIATIONS  USED  IN  THIS  REPORT 

A  ampere 

atm  atmosphere,  standard 

*  C  degree  Celsius 

cm  centimeter 

ft3/h  cubic  foot  per  hour 

ft/s  foot  per  second 

g  gram 

g/ca^  gram  per  cubic  centimeter 
h  hour 

In  Inch 

km/s  kilometer  per  second 

kPa  kllopascal 

L/mln  liter  per  minute 

mg  milligram 

mJ  ml 111 joule 

mL  milliliter 

uF  microfarad 

ft  ohm 

oz  ounce 


Figure  1  Bureau  of  Mines  Gap  Test  for  Solids 


Igniter  leads 
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figure  7.  Overview  of  Spark  Sensitivity  Test  Chamber 
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Figure  8.  Electrode  Assembly 
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THE  DECONTAMINATION  OF  PRIDDYS  HARD 


By  L  H  Armstrong,  B  Sc,  C  Eng,  M  I  Chem  E,  M  I  Exp  E 

Ministry  of  Defence  (Navy),  DST/AS,  Bath,  England 

Priddy’s  Hard  is  a  Naval  ammunition  depot  on  the  South  coast  of 
England  which  was  established  in  1766,  safely  to  store  and  supply  gun¬ 
powder  to  the  Fleet.  It  was  originally  a  boatyard  and  wharf  owned  by 
Jane  Priddy  -  hence  the  name  -  which  was  bought  because  there  was  great 
anxiety  about  the  storage  of  so  much  explosive  so  near  to  the  Dockyard 
at  Portsmouth. 

A  magazine  wa3  built  there  to  store  14,000  -barrels  of  powder.  Thi3 
building  still  exists;  it  is  now  used  as  the  Naval  Armament  Museum. 

Dr  Samuel  Johnson  once  said  "If  we  act  only  for  ourselves,  to 
neglect  the  study  of  history  is  not  provident:  if  we  are  entrusted  with 
the  care  of  others  it  is  not  Just".  Hy  main  problem  was  to  enquire  into 
the  history  of  the  site.  What  had  been  done  where?  Some  records 
existed,  but  they  were  incomplete.  The  main  source  of  information  was 
talking  to  long-service  employees,  and  in  particular  I  am  grateful  to 
Mr  Jimmy  Millar,  who  worked  at  Priddy' s  Hard  as  a  boy,  and  retired  as 
Head  of  the  Explosive  maintenance  Division,  after  a  lifetime's  work. 

All  production  on  the  site  had  ceased,  and  explosives  and  ammuni¬ 
tion  had  been  removed  from  the  buildings  and  the  site.  I  will  now 
describe  some  of  the  problems  found. 

The  Museum 


There  was  no  record  of  this  magazine  ever  having  been  declared  free 
from  explosives.  It  was  almost  certain  that  this  had  been  done  who.:  the 
museum  was  founded,  but  detailed  examination  was  required.  Some  gaps 
were  seen  between  floorboards,  and  because  there  was  no  way  into  the 
space  under  the  floor,  several  boards  were  lifted,  so  that  I  could  crawl 
underneath  to  examine  tnis  space.  I  found  nothing,  except  for  a  lot  of 
bronze  nails  and  a  19th  century  gunpowder  sampling  bottle.  The  floor 
had  been  constructed  dust proof;  each  Joint  was  covered  with  a  wooden 
lath,  and  the  gap  filled  with  oakum,  fibres  of  old  rope.  The  gaps  had 
been  caused  when  electric  sables  had  been  Installed  under  the  floor,  and 
the  joints  had  not  been  made  good. 

It  is  likely  that  all  the  exhibits  are  free  from  explosives,  but  t 
this  must  be  checked  by  visual  examination.  There  are  problems  with  the 
heavier  items,  and  with  the  sheer  quantity  of  exhibits. 

Process  Buildings 

A  careful  search  of  all  process  buildings  was  done.  Every  hidden 
cavity  has  to  be  opened,  to  ensure  that  nothing  has  been  hidden  there. 
Many  of  the  buildings  were  wooden,  lined  with  asbestos  cement  sheets. 

It  is  easier  to  work  from  the  outside,  to  strip  off  the  external  wood 
to  open  the  cavities,  rather  than  to  remove  the  lining,  and  have  to 
take  special  precautions  againnt  the  risk  of  inhaling  asbestos  dust. 
Floor  coverings  are  removed,  and  every  sealed  ceiling-space  opened. 

Many  small  component*:  were  found. 
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Five  of  the  buildings  were  partially  surrounded  by  "■oats",  ditches 
made  when  earth  was  dug  out  to  make  the  traverses  or  beras.  I  had  been 
warned  that  small  explosive  articles  had  been  disposed  of  in  these 
ditches,  so  some  examination  was  needed.  The  moats  were  pumped  out  by 
the  local  fire  brigade;  sieves  on  the  end  of  the  suction  hoses  prevented 
any  article  larger  than  a  few  millimetres  entering  the  pump. 

The  initial  search  was  done  by  the  Royal  Mai ‘nes  bomb-disposal  team. 
Their  excellent  work  produced  several  interesting  items,  including  live 
explosive  items  from  this  century  and  the  last,  and  they  said  that  their 
technique  of  using  long  rods  to  feel  in  the  mud  would  find  about  6G%  of 
what  might  be  there.  A  second  search  with  similar  methods  would  find 
about  half  of  the  residue.  So  a  better  method  was  needed. 

A  mechanical  digger  was  used,  to  remove  all  the  soft  mud  to  a  depth 
of  two  feet.  This  mud  was  then  washed  through  a  sieve  of  1  inch  mesh, 
to  recover  anything  which  might  be  present.  The  main  difficulty  was 
caused  by  plant  and  tree  roots,  which  blocked  the  sieve  and  caused  much 
delay.  But  more  live  explosive  items  were  found.  Some  of  them  were 
harmless  from  long  immersion  in  water;  the  black  powder  was  dissolved 
out  of  the  primers,  for  example.  But  the  cap3  in  some  of  these  had 
survived,  and  exploded  loudly  when  the  primers  were  put  on  a  fire, 
ejecting  the  cap  for  seme  yards.  The  tetryl  pellets,  the  HE  filled  shall 
and  the  base  fuzes  from  large  shell  were  still  unharmed,  and  detonated 
effectively  when  they  were  countermined  by  the  Naval  Explosi'  a  Ordnance 
Disposal  team,  who  removed  and  disposed  of  all  the  items  found.  No 
incident  was  caused  by  the  digging  or  the  sieving,  because  the  items 
found  were  never  trapped  between  two  hard  surfaces. 

Metal  Detectors 


The  use  of  metal  detectors  was  proposed  and  tried.  The  "Ferex" 
model  4.021  detector  was  used  by  the  Royal  Marine  team,  and  proved  to 
be  sensitive  and  well  able  to  stand  up  to  the  conditions.  It  can  find 
a  2  pounder  shell  six  or  seven  feet  down  without  difficulty,  and  is  not 
harmed  by  the  wet  and  dirty  conditions.  Many  small  detonators  were 
found  behind  the  site  of  the  old  proof  house;  fortunately,  they  were 
not  sealed,  and  had  been  made  inert  by  the  water.  But  the  great  problem 
was  that  of  false  alarms;  every  piece  of  scrap  iron  produces  a  response, 
and  it  is  difficult  to  motivate  a  search  team  for  long  periods  of  work 
in  these  conditions  when  no  significant  explosive  article  is  found. 

Shell  Filling  Buildings 

Filling  had  been  done  before  and  during  World  War  I.  Filling  with 
Shellite  (the  eutectic  mixture  of  dinitrophenol  and  trinitropnenol)  and 
TNT  had  been  recorded  in  certain  buildings,  and  traces  of  explosive 
which  had  sublimed  into  the  walls  and  ceiling  were  clearly  detect.*1  :1c 
with  the  caustic  soda/acetone  test.  Persistent  efforts  to  cleanse  these 
walla  failed,  so  we  had  to  resort  to  destruction  of  the  buildings  by 
fire. 


Wood  was  piled  to  a  depth  of  about  four  feet  in  the  building.  A 
hole  wee  made  in  the  roof  to  assure  a  through  draught.  Pieces  of  lead 
were  distributed  throughout  the  building,  in  intimate  thermal  contact 
with  the  lergor  girders  and  walls.  If  these  were  melted,  we  were  sure 
that  a  temperature  of  327  degrees  C  had  been  reached,  a  temperature 
sufficient  to  destroy  all  traces  of  explosive.  It  was  necessary  to  wet 


all  stirrounding  areas,  so  that  the  fire  did  not  spread.  The  operation 
was  successful,  and  the  burnt  buildings  were  levelled  to  the  ground. 

Drains 

Some  process  drains  remain  to  be  cleared.  A  technique  developed 
by  Nr  Alan  Dyer  of  RABDE,  Waltham  Abbey  is  to  be  used.  Each  drain  is 
rodded  through,  and  a  wire  is  pulled  in.  This  wire  can  then  pull  in  a 
flexible  flammable  cartridge,  made  of  tubular  bandage  filled  with 
charcoal  briquettes  (like  those  used  on  a  barbeque)  soaked  in  kerosinc. 

A  blower  supplies  the  air  needed  for  combustion,  and  the  resulting  fire 
destroys  any  explosive  present,  both  in  the  pipe  and  in  and  around  the 
joints. 

Buried  Fuzes 

The  final  problem  on  the  site  is  that  one  officer  has  told  me  of 
his  memory  that  boxes  of  fuzes  were  buried  beneath  the  foundations  of  a 
building.  He  cannot  positively  identify  which  of  a  set  of  eight  was 
concerned,  so  it  is  planned  to  remove  all  eight  buildings  by  an  approved 
asbestos  disposal  contractor,  explosively  to  disrupt  the  concrete  floor 
slabs  of  all  eight  buildings,  and  to  search  with  the  metal  detector. 

A  preliminary  search  with  the  detector  was  inconclusive;  false  alaims 
from  buried  metal  were  everywhere. 

Certification 

It  will  be  understood  that  I  cannot  honestly  certify  this  site  to 
be  completely  free  from  explosives;  all  that  can  be  done  is  to  complete 
the  detail  on  the  form  attached,  to  declare  that  the  “Best  practicable 
means'*  have  been  employed. 
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CERTIFIiHfE  OF  CLEARANCE  C*  EXPLOSIVE  MATERIALS  AMD 
OTHER  DANGEROUS  SUBSTANCES 

Location  and  Map  Ref: 

Date(s)  of  search: 

1.  This  site  in  respect  of  which  this  certificate  is  giver,  is  shown 

coloured/ verged . - .  on  the  attached  plan. 

Explosives 

2.  There  being  no  record  or  knowledge  of  explosives  having  been  used 
or  stored,  either  by  MOO  or  other  users,  on  the  site/areas  marked 

. . .  it  is  certified  that  the  site/areas  has/have 

been  subject  to  a  thorough  visual  search. 

3.  Records  show/it  is  known  that  explosives  have  been  used  and/or 

stored  on  the  site/areat.  marked . . . 

a.  An  instrument  search  has  been  carried  out. 

b.  An  instrument  search  is  unnecessary  and  a  visual  search 
only  has  been  carried  out. 

c.  Search  requirements  are  beyond  the  capability  of  the  unit. 
The  site/areaa  has/have  not  been  searched. 

(Indicate  areas  not  searched) 


The  matter  has  been  referred  to  .  with  a 

request  that  a  search  be  carried  out  and  a  further  certificate 
completed. 

4.  The  site/area  indicated  . has  been  used 

exclusively  for  living  quarters  and  has  not  been  searched. 


5.  No/The  following  explosives  or  other  dangerous  substances  have 
been  recovered.  They  have  been  removed  and/or  destroyed  in  accordance 
with  current  regulations. 


Other  potential  dangers 

6.  In  addition,  as  far  as  practical,  it  has  been  ascertained  that: 

a.  No  oil,  ga3,  chemicals  or  other  dangerous  substances  are 
buried  or  stored  within  the  curtilage  of  the  site  and  the  ground 
has  not  been  contaminated  by  such  substances. 


b.  (1)  There  is  r.o  record  or  knowledge  of  hazardous  radio¬ 
active  materials  being  used  or  stored  on  the  site  either  by 
MOO  or  other  users 

or 

(2)  All  buildings/areas  in  which  radioactive  materials 
have  been  used  or  stored  have  been  monitored  and  have  been 
certified  as  free  from  radioactive  contamination. 

c.  There  appear  to  be  no  defects  in  any  building  which  could/ 
would  constitute  a  danger  to  life  or  limb. 

d.  There  is  no  known  hazard  within  the  curtilage  of  the  site, 
which  could  constitute  a  danger  to  life  or  limb. 

7.  A  potential  danger  was  . 

situated  at  the  positions  marked . . 


The  advice  of . was  sought  and  the  following 

action  taken . .  to  their  satisfaction.  (Summarize 


details  in  attachment  if  necessary.)  All  reasonable  steps  have  been 
taken  to  minimize  physical  hazards,  level  floors,  fill  voids,  remove  or 
make  safe  machinery  and  cut  off  access  to  potentially  dangerous  places 
and  to  prevent  unauthorized  entry. 

8.  The  potential  danger  is .  situated  at  the 

positions  marked . .  Clearance  is  not  practical  on 

grounds  of . . . . . . . . 

The  following  action  has  been  taken  to  minimize  the  risk  . . 

The  following  limitations  on  future  use  are  recommended  . 

9.  Any  other  comments. 


Signature  . 

Rank . . . : . 

Officer  i/c  Search  and  Clearance 


10.  Comments  of  MOD  Sponsor  Directorate. 


Note:  Delete  inapplicable  clauses  of  paras  2  to  9  as  appropriate 


OPEV  BUSSING/ OPEN  DETONATION  EMISSIONS  STUDY  -  PHASE 
Summary  of  Video  Presentation 
A *  Presented  At  The 
33rd  POD  EXPLOSIVE  SAFETY  SEMI NAB 
Au|uat,  1988 

Hark  X.  Zaugg  and  M.  Xia  Buis* II 
Ammunition  Equipment  Directorate 
Tooolo  Army  Depot,  Tooele,  Utah 


Sines  tbs  beginning  of  aodern  warfare,  defective  or  obsolete  ounitions 
have  been  disposed  of  by  one  of  two  methods.  The  first  is  OPEN  BUSHING,  the 
primary  method  for  disposing  of  propellant.  The  second  aathod,  used  for  dispo¬ 
sal  of  munitions  containing  high  explosive,  is  OPEN  DETONATION. 

In  order  to  get  answers  to  questions  raised  on  the  inpact  to  the  environ- 
aent  by  these  disposal  operations,  under  the  guidance  and  direction  of  the  B3 
A my  Armament  Munitions  and  Chealcal  Coaaand  (AMCCOtO  ,  the  Aomunlton  Squlpnent 
Directorate  (AED)  at  Tooele  Aray  Depot  in  Utah  developed  and  conducted  a  test 
pregras  to  determine  tbo  environmental  effects  on  the  air  and  soil  from  open 
burning  and  open  detonation  operations. 

During  a  propellant  burn  operation  at  the  Tooele  demil  grounds,  an  opportu¬ 
nity  arose  to  experiment  with  cloud  sampling  procedures.  A  helicopter  was  pro¬ 
vided  by  Dugway  Proving  Ground,  instrumented  with  a  few  simple  monitoring  de¬ 
vices,  and  the  feasibility  of  helicopter  sampling  was  tasted.  One  of  the  con¬ 
cerns  was  that  the  intense  heat  generated  by  the  burning  propellant,  which  was 
felt  by  those  inside  the  helicopter,  might  bave  an  effect  on  the  operation  of 
the  helicopter.  However,  after  a  cautious  beginning,  no  adverse  effect  on  the 
operation  of  the  aircraft  waa  noted.  After  completing  this  test  and  after  . 
reviewing  other  possible  methods  for  saapling,  it  was  decided  that  the  helicop¬ 
ter  was  the  best  choice. 


A  go-ahead  was  provided  by  AMCCOM  to  initiate  an  extensive  emissions  Study 
of  the  effects  on  the  environment  of  open  burning  and  open  detonation.  The 
first  phase  of  this  study  was  to  identify  and  confirm  the  best  stacking  configu¬ 
rations  for  the  propellants  and  explosives  to  be  used,  and  to  test  sampling 
equipment  and  procedures. 

Preliminary  tests  included  detonations  of  TNT-filled  hand  grenades  in  incre¬ 
ments  of  500  pounds,  1000  pounds,  and  2000  pounds  of  explosive.  One  observation 
noted  was  that  clouds  to  be  sampled  by  the  Instrumented  helicopter  would  be  in 
many  varying  configurations. 

While  reviewing  the  videos  tapes  of  the  detonation  of  bulk  TNT,  the  images 
were  slowed  down  in  order  to  allow  a  close  look  at  the  development  of  the  fire¬ 
ball  during  the  first  second  or  two  of  the  detonation.  It  is  during  the  first 
few  milliseconds  of  3000-0000  degrees  Centigrade  temperature  that  nearly  all  of 
the  chemical  reactions  and  degradation  taka  place.  The  high  temperatures  of  the 
fireball  promote  good  efficient  degradation  of  the  explosive.  The  sain  consti¬ 
tuent  of  the  cloud  after  the  first  few  seconds  is  water  vapor. 
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The  tf fectiveness  of  th«  fireball  in  disposing  of  the  explosive  varia*  with 
its  temperature  and  duration,  which  themselves  art  funtlons  of  tht  typo  and 
quantity  of  tht  txploslvt,  as  wtll  as  tht  configuration  of  tht  Munition.  Tht 
six*  and  duration  of  tht  firtballs  generated  during  tht**  tosts  varied  widely 
sine*  Munitions  of  various  sizes  and  containing  various  explosive  fllltrs  were 
ustd.  Included  wtrt  projectiles,  depth  charges,  bonhs,  hand  grtnadts,  rocktts, 
torptdo  warheads  and  bulk  explosives  auch  as  TOT,  Composition  B,  Explosive  D  and 
propellants.  High  Explosive  aunitions  were  stacked  in  S  stacks  per  test,  in 
100,  900,  1,000,  2,000  and  9,000-lb  quantities  of  net  explosive  weight. 

After  the  configuration  of  the  sampling  helicopter  was  deteralned,  the  US 
Army  Aviation  Development  Test  Activity  at  Fort  Sucker,  Alabama,  supplied  a 
UH-1H  helicopter  for  the  duration  of  the  study,  llodificatioas  were  aade  to  the 
helicopter  including  the  installation  of  a  4-inch  diameter  Teflon-lined  PTC 
sampling  probe  protruding  in  front  of  the  helicopter,  which  entered  the  helicop¬ 
ter  froa  an  opening  underneath  the  fuselage.  Saaq>lo  air  was  drawn  through  the 
probe  into  a  nanifold  inside  the  cabin.  Froa  the  aanifold,  samples  were  drawn 
through  teflon  tubing  into  the  numerous  Monitoring  devices,  each  selected  with 
coabined  consideration  for  their  portability,  sensitivity,  and  response  speed. 

Included  among  the  monitoring  instruments  w is  a  hydrogen  and  carbon  mono¬ 
xide  monitor,  a  particle  analyzer  which  collected,  counted  and  qualified  the 
sis*  of  particles  at  all  times  while  passing  through  the  plumes,  a  temperature 
and  humidity  monitor  connected  to  a  probe  located  inside  the  manifold,  and  a 
carbon  dioxide  monitor.  The  date  collected  by  the  instruments  were  passed  to  an 
on-board  coaputer  where  th*  measurement  voltages  were  collected  and  stored  on 
Magnetic  floppy  disks.  All  monitoring  instruments  were  either  powered  by  a  DC 
to  AC  inverter  or  by  tbelr  own  Internal  batteries,  the  latter  being  the  prefer¬ 
red  method. 

To  an  observer  looking  at  th*  helicopter,  the  aircraft  appeared  to  be 
filled  to  capacity  with  sample  monitoring  and  collection  equipment.  A  high 
volume  particulate  sampler  was  installed  to  capture  particles  on  a  filter  for 
later  analysis.  A  Volatile  Organic  Sampling  Train  filter  collected  samples  from 
the  probe  which  wer«  later  analysed  in  the  laboratory  for  organic  components. 

Installed  in  an  air-tight  cabinet  were  three  Teflon-lined  saxple  bags  used 
to  collect  grab  samples  of  air  for  later  analysis.  A  vacuum  punp  was  connected 
to  the  cabinet  to  create  a  negative  pressure  while  sampling.  JSbile  inside  the 
plume ,  the  valves  to  the  bags  were  opened  allowing  the  vacuum  to  expand  the  bags 
and  the  sample  air  to  rush  in.  After  each  test  was  completed  the  helicopter 
landed  near  th*  teat  site  and  th*  sample  bags  km  removed  end  immediately  taken 
to  the  laboratory  for  extraction  and  analysis  of  samples. 

Since  most  dvail  activities  involve  obsolete  or  unserviceable  munitions, 
items  from  unserviceable  stockpiles  froa  around  the  country  were  shipped  in  for 
this  study.  Tests  were  performed  on  several  types  of  Munitions. 


Am  objective  of  tbe  ODOD  itody  mo  to  burs  and  detonate  bulk  explosive  (vs. 
explosive  filled  munitions)  thus  eliminating  contamination  of  the  staple*  from 
aetol  ports,  points,  etc.  Therefore,  Included  In  this  study  ms  bulk  Coaposl- 
tlon  B,  Kxploslve  S  (Ammonium  Ficrate)  end  TIT.  These  bulk  explosives  are 
stocked  la  norml  deoil  configurations  and  detonated  using  normal  demil  proce¬ 
dures,  as  acre  all  the  tests  in  this  study. 

In  addition  to  the  bulk  explosives,  Munitions  with  many  different  filler 
Materials  were  included  in  the  tests.  For  exaople,  500- lb  boob*  containing 
explosive  H-C,  depth  charges  containing  the  explosive  BBX,  and  five-inch  levy 
projectiles  filled  with  a  coanon  Javy  explosive,  Composition  A3  wore  used,  among 
others . 

Four  camera  positions  were  established  to  record  all  of  the  burns  and  det¬ 
onations  as  well  as  the  location  of  the  helicopter  during  saapllng,  each  of 
which  included  video  cameras  for  both  visable  and  infra-red  light  and  a  35m 
slow- speed  tracking  eaaera  operating  a  one  frame  per  second.  In  addition,  still 
photos  wore  taken  of  the  nun It ions  stacking  ooaf lguratlons. 

When  the  Test  Officer  had  determined  t^at  the  BOO  personnel  had  cleared  the 
site,  that  the  camera  positions  had  all  coiled  in  and  declared  their  readiness, 
and  that  the  instrumentation  personnel  aboard  the  helicopter  were  ready,  tbe 
helicopter  lifted  off  and  headed  for  its  standby  position.  Tbe  ignition  of  the 
■unit ions  was  performed  by  BOO  personnel  using  a  manually  activated  bleating 
machine  located  3.S&0  meters  from  the  detonation  site.  Once  the  munitions  were 
detonated,  and  as  soon  as  safely  pessible,  the  helicopter  began  Its  approach  and 
passes  through  the  clouds,  usually  entering  the  plumes  within  one  or  two  minutes 
of  the  detonation. 

In  reviewing  the  films  «r.d  videos  of  -he  burns  and  detonations,  the  quick 
rising  of  sons  plus**  to  sevsral  thousand  feet  ebove  the  test  site  is  in  con¬ 
trast  to  som  instance*  where  tbe  plume  hung  close  to  tbe  ground.  This  created 
s  differing  sampling  situation  so  far  as  the  helicopter  ms  concerned  and  demon¬ 
strated  the  effect  of  different  atmospheric  conditions  on  plum  development. 
Another  variable  In  the  teehUg  procedure  ms  ths  different  else*  of  the  plume. 
Alee  apparent  wore  tho  convolutions  within  the  plume  of  which  tho  pilots  had  to 
he  emre  as  they  entered  for  sampling.  Of  course,  the  earlier  the  cloud  was 
entered  the  more  effect  tbe  motion  within  the  plume  had  on  the  helicopter.  In 
acme  of  the  first  passes,  the  aircraft  ms  often  lifted  up  end  tossed  from  side 
to  sido  by  the  internal  turbular.ee  of  the  plume. 

Propellent  bums  presented  their  own  apecial  problems.  Most  of  the  prope¬ 
llant  manufactured  today  is  of  tbs  smokeless  end  flashless  powder  type.  Without 
s  norml  smoke  plum  being  generated,  as  Is  tbe  ease  with  most  detonations,  the 
helicopter  pilots  often  had  a  hard  time  locating  the  cloud.  ’This  was  partially 
solved  by  igniting  a  stroke  boob  nearby  prior  to  igniting  the>  propellant  to 
indicate  tho  wind  direction  to  the  pi'ots. 

More  than  SflO.OdP  lbs  ef  explosives  ware  detorated  er  burned  during  tbia 
series  ef  teats  in  twesty-four  differsnt  munition  eonf lguratlons  and  including 
1*  different  explosive  co pounds. 
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Before  W17  of  the  t*it  results  mr*  1a,  cartel a  threoretloal  expectation* 
bad  already  been  calculated.  Indications  mr*  that  predicted  concentration  of 
gaseou a  criteria  pollutcnt*  would  ba  mil  under  OSSA  Threshold  Limit  Talues  and 
the  SPA  Aebient  Air  Quality  Standard#  within  minute*  attar  detonation,  and  in 
the  eaaa  of  carbon  aonoxlde,  loan  than  3X  of  Ambient  Air  Quality  Standards 
levels.  Basults  of  the  tast  Indicated  that  lndaad  in  all  caaaa  w'tr.in  alnutea 
of  tha  damnations  tka  lavais  of  pollutants  wars  lower  than  tha  standards,  by 
orders  af  Magnitude  in  dost  cases. 

In  addition,  tho  sat  soil  centaalnatlon,  determined  by  soli  samples  taken 
before,  during,  and  after  tha  tests,  was  shorn  to  ba  statistically  insignifi¬ 
cant.  Tha  indications  of  these  and  many  other  results  of  this  study  are  that 
open  burning  and  open  detonation  Is  not  only  an  af ficlent  and  safe  Method  ef 
disposal  but  also  dees  not  present  n  significant  insult  to  the  environaent. 


no 


Per  ao re  detailed  lnforaatioa  an  the  08/00  Kwtsslone  Study  please  see: 

1)  Emission  Factors  Prea  Deactivation  of  Munitions  -  Part  II,  Detection  of 
Pollutants  Proa  epen  Burning  end  Cpen  Detonation  of  PC?  A  Munitions.  CP1A 
Publication  dutid  Id  December,  li>97.  Minutes  of  the  Joint  Arwy-.favy-VASA- 
Air  Force  <SiZ1Uf)  Propulsion  Meeting  at  San  Diego,  California 

2)  Consolidated  ?.iport  on  the  Tost  Progran  for  the  Identification  and 
Characterisation  of  Products  and  Be sidues  froa  the  Open  Irning/Open 
C*etr;na-.toi  of  ^oitc/ie,  Rosdquartars ,  ff.S.  Arwy  Araiwnt,  MualUns  and 
Cha?tic*l  Con’ornd,  eitn:  Al&MC-DSM-D,  Bock  Island,  Illinois  91363-6000, 

Jure  U,  10S7 
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COMPLYING  KITH  TUB  NBN  EPA 
HAZARDOUS  WASTE  PERMITTING  REQUIREMENTS  FOR 
OPBN  BURNING/OPSN  DBTONATION  (OB/OD)  FACILITIES 


Bath  A.  Martin 
David  C.  Guzewich 
John  4.  Bauer 
Will'.aa  J.B.  Pringle 
Gaorfo  Lus,  Ph.D. 

US  Aray  Invironaental  Hygiene  Agency 
Aberdeen  Proving  Ground,  MD  21010 


Introduction 

Open  burning/open  detonation  (OB/OD)  operations  have  been 
conducted  at  DOD  installation*  for  aaoy  year*.  It  is  considered 
the  safest,  woat  coat  effective  aeans  of  treatnent  of  reactive 
wastes  associated  with  the  production,  one,  aeintennnce,  and 
deailitarizatioo  of  munitions  and  ordnance.  Historically, 
environmental  considerations  have  been  secondary  to  the  overriding 
safety  concerns.  As  a  result,  OB/OD  operaticns  have  caused 
contaaination  of  soil  and  ground  water  st  numerous  locations. 

Regulatory  Background 

Currently,  0B/00  units  nre  regulated  undor  40  CFR  Port  265 
Subpert  P  aa  thermal  traataent  units  These  units  sust  comply 
with  the  quantity-distance  standard*  developed  by  the  Defense 
Explosives  Safety  Beard,  in  addition  to  the  general  facility 
standards  for  any  peraitted  unit. 

Final  Rules  for  40  CFR  264,  Subpert  *  were  promulgated  on  * 

10  Deceaber  1987  (reference  a).  Tbs  Subpart  X  regulations 
pertain  to  aiscel laneoue  units.  Miscellaneous  unit*  include  al! 
hazardous  waste  traataent,  storage  and  disposal  (TS0)  facilities 
that  were  not  otherwise  specifically  regulated  under  other 
subparts  of  40  CFR  264.  The  Subpert  I  regulations  apply  to  OB/OD 
units  as  theraal  t  reetaent  units.  CB/OD  operations  are  not 
considered  lend  disposal.  Percit  applications  for  OB/OD  units 
•ust  be  subaitted  to  the  appropriate  EPA  Regional  Office  by 
8  November  1988.  Failure  to  aubait  a  permit  application  by  this 
deadline  will  result  in  the  lose  of  interia  status  if  EPA  has  not 
issued  the  final  perait  by  8  November  1932. 


The  40  CFR  264  Subpart  X  regulation*  are  based  on  environmen¬ 
tal  perforaance  standards  rather  than  engineering  design  and 
operation  standards.  Owner/operators  ar*  required  to  design  end 
operate  0B/0D  units  in  s  meaner  which  protects  buasn  health  and 
the  environment.  The  potential  contaainant  aigration  pathways 
which  aust  be  addressed  Include:  ground  water,  air,  surface 
water,  and  soil. 

The  specific  factors  which  aust  be  considered  when  assessing 
the  lapse t  of  a  unit  on  ground-water  quality  ar*  as  follows:  the 
voluae  snd  physical  and  cheaical  charscterist ics  of  the  waste; 
the  hydrogeologic  setting;  existing  ground-water  quality; 
ground-water  flow  rate  and  direction;  current  and  potential 
ground-water  usage;  regional  land  uees;  subsurfsc*  aigration 
potential  of  the  waste  constituents;  and,  poteatial  lapse. a  on 
huaan  health,  anieala,  plants,  and  structures. 

Ths  specific  factors  which  aust  b*  considered  when  assessing 
the  impact  of  a  unit  on  surfac*  water  and  surfac*  soils  sr*  as 
follows:  the  voltes*  end  physical  and  cheaical  characteriet ice  of 

the  waste;  *f feet i veaesi  of  containment  structures;  area 
topography;  rainfall  pattern*;  characteristics  of  ground-water 
flow;  proxiaity  to  surface  waters;  surface  water  usage;  existing 
surface  water,  wetlands,  and  surfac*  soil  quality;  water  quality 
standards;  and,  potential  iapacta  on  huaan  health,  aniaals, 
plants,  and  structures. 

The  specific  factors  which  aust  be  considered  when  assessing 
the  iapact  of  a  unit  on  air  quality  ar*  as  follows:  the  volume 
and  physical  and  cheaical  characteristic*  of  the  waste;  the 
effect  iveneas  of  .  .-ateie  and  structures  to  prevent  gaseous, 
aerosol ,  or  particulate  eaissiona;  the  operating  charscterist ics 
that  wake  air  eaiesionb  likely;  aeteoro logical  conditions; 
existing  air  quality;  and,  potential  inpacts  on  huaan  health, 
aniaals,  plants,  and  structure*. 

The  permit  application  aust  include  lnforaetioq  on  each  of/ 
the  factors  dlscuesod  ajove  to  be  considered  a  complete 
application.  Th*  aasoaowents  of  th*  potential  for  adverae 
effect*  on  each  «*dlu»  aust  he  in  sufficient  detail  to  demon¬ 
strate  minimal  impact  on  those  media.  Th*  adequacy  and 
findings  of  the  ssseasvents  will  be  evaluated  as  part  of  th* 
pareit  review  process. 
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The  0.8.  Any  has  approximately  70  installations  that  are 
currently  operstirg  OB/OD  units  under  interim  status.  It  is 
likely  that  most  of  these  units  will  require  a  Part  B  perait 
under  Subpart  Z  regulations.  There  may  also  be  aany  other 
facilities  which  will  require  permits. 

The  BCRA  Part  B  Perait  Writers'  Guidance  Manual  for  Department  of 
Defense  Open  Burning/Opea  Detonation  Units  {Permit  Writers'  Guide) 

The  Perait  Writers'  Guidance  Manual  (reference  b)  was 
developed  to  provide  guidance  for  EPA  and  state  regulatory 
personnel  in  preparing  RCRA  Part  B  permits  for  OB/OD  units  at 
Department  of  Defense  (DOD)  installations.  Likewise,  the  Manual 
was  intended  for  use  by  DOD  personnel  in  preparing  applications 
for  these  peraits.  The  Manual  was  developed  to  fulfill  a  DOD 
cc-maitaent  to  the  BPA  to  provide  a  suggested  OB/OD  Perait  Writers' 
Guide  based  on  DOD's  extensive  experience  with  OB/CD  operations. 

It  is  intended  that,  the  use  of  this  manual  will  ensure  a  consis¬ 
tent  and  technically  adequate  approach  in  both  the  preparation 
and  evaluation  of  perait  applications.  In  addition,  it  will 
improve  consistency  among  the  various  LPA  Regions  and  states  in 
sveting  final  perait  requirements.  The  manual  applies  to  both 
new  0l*/0D  units  and  existing  units  operating  under  interia  status 
standards.  Although  this  Manual  was  prepared  by  the  U.S.  Army, 
and  is  directly  applicable  for  DCD  installations,  the  inforaation 
and  guidance  presented  will  also  have  application  for  permitting 
OB/OD  theraal  treatment  units  at  non-DOD  activities. 

Initially,  aany  of  the  perait  writers  will  have  very  limited 
experience  with  OB/OD  units  snd  their  operation.  Therefore, 
nuaerous  examples  and  explanatory  sections  were  included  in  the 
Permit  Writers'  Guide  to  provide  the  necessary  background  needed 
to  asaeae  the  applicability  of  the  regulatory  requirements  to 
OB/OD  units.  Note,  that  1PA  comaentors  felt  that  more  exaxples 
and  explanations  were  needed.  In  addition  to  addressing  the 
General  Facility  requirements  under  40  CFR  264  and  270,  the 
Manuel  provides  specific  permitting  guidance  for  the  three  * 
general  types  of  OB/OD  operstions:  OB  in  containment  devices 
(pans),  OB  on  the  ground  surface,  and  OD.  Appendix  A  of  the 
Manual  is  a  compilntion  of  reports  prepared  by  the  .Army  that 
provide  the  technical  basia  for  the  guidance  presented.  A 
summery  of  the  results  of  those  studies  is  provided  in  the  next 
section. 


As  discussed  in  the  above  section,  the  Subpart  X  regulations 
require  the  evaluation  of  several  factors  relative  to  each 
medium.  In  addition  to  the  evaluation  of  the  three  environmental 
pathways  discussed  above,  the  Manual  suggests  that  environmental 
noise  impacts  also  be  evaluated  for  OD  operations.  Specific 
guidance  on  making  theso  evaluations  is  provided  in  the  Permit 
Writers’  Guide. 

Under  the  guidance  in  the  Munual,  ground-water  monitoring 
would  not  be  required  where  the  design  and  operation  of  a  unit 
preclude  all  contact  of  waste  with  the  ground  surface.  Based  on 
the  findings  of  an  Army  study  (reference  c),  when  non-liquid 
wastes  are  burned  in  an  area  where  evnporaticn  exceeds  precipita¬ 
tion  by  wore  than  2  feet  par  year,  no  ground* water  monitoring  is 
needed.  In  areas  not  nesting  this  criterion,  if  the  unit  is 
equipped  with  a  leak  containment  and  detection  systea,  no 
ground-water  monitoring  ia  needed.  Ia  addition,  for  any  type  of 
unit,  if  the  permit  applicant  can  demonstrate  no  potential  for 
ground-water  contamination,  ground-water  monitoring  may  not  be 
required.  For  OD  units  whera  proper  operational  proceduras  are 
followed  (particularly  management  of  residues),  no  ground-water 
monitoring  ia  needed. 

The  air  quality  pathway  evaluation  requires  the  permit 
applicant/writer  to  evaluate  both  criteria  (thosa  for  which 
National  Ambient  Air-  Quality  Standards  exist)  and  noncriteria 
air  pollutants.  In  particular,  atata  and  local  air  toxica 
requirements  must  be  addressed  in  the  psrmit.  The  air  quality 
impact  evaluation  utilises  a  two  tiered  screening  approach. 

First,  a  screening  technique  is  required  to  provide  a  rapid  and 
inexpensive  approach  to  determine  if  the  unit  has  the  potential 
to  cause  adverse  health  impacts  due  to  sir  emissions.  This 
involves  the  use  of  computer  models  to  estimate  air  emissions  and 
the  resultant  ambient  downwind  concentrations  of  pollutants  of 
concern  with  particular  attention  to  sensitive  receptors.  If 
this  initial  screening  technique  indicates  any  potential  for 
health  impact,  or  exceedance  of  any  applicable  aabient  air 
quality  guideline  or  standard,  then  a  formal  health  risk 
assessment  must  be  performed.  Since  the  vast  majority  of  the 
OB/OD  operations  occur  in  remote  areaa,  it  is  anticipated  that 
the  format  risk  assessment  would  not  often  be  required. 

Potential  adverse  effects  to  surface  water  quality  include 
considers* ion  of  11  factors.  Meat  of  these  factors 
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are  the  aaae  as  those  considered  for  the  grouud-water  and  air 
quality  pathways.  This  aspect  requires  that  the  perait 
applicant  consider  the  existing  surface  water  quality  in  the 
vicinity  of  the  OB/OD  unit  and  surface  water  drainage  patterns. 
The  Perait  Writers’  Guide  suggests  that,  with  proper  containaent 
of  surface  water  run-on  and  run-off  from  OB/OD  units,  the  iapact 
on  surface  water  will  not  be  significant. 

The  fourth  pathway  that  Bust  be  considered  is  the 
environaental  noise  impact.  The  Perait  Writers*  Guide  suggests 
that  the  environaental  noise  iapact  be  addressed  only  for  OD 
operations  since  the  environaental  noise  associated  with  OB  is 
insignificant.  Applicable  state  noise  regulations  governing  OD 
or  blesticg  operations  should  be  considered  first.  In  the 
absence  of  state  or  local  noise  limits,  the  environmental  noise 
inpacts  would  be  quantified  using  the  American  Motional  Standard 
(ANSI)  S12-4-1986  for  high  energy  impulse  sounds  with  respect  to 
residential  communities.  The  number  of  detonations  per  day,  the 
weight  of  the  explosives  and  the  depth  of  burial  would  have  to  be 
adjusted  so  that  the  predicted  noise  levels  would  not  exceed 
"acceptable"  levels. 

Results  of  Environmental  Studiea 

The  O.S.  Army  conducted  a  Ground-water  Monitoring  Study 
during  the  period  February  1984  to  March  1935  (reference  c).  The 
purpose  of  the  study  was  to  evaluate  the  iapact  of  selected  OB 
and  OD  facilities  on  ground-water  quality  under  varying 
aite-apecif ic  conditions.  Ground-water  anality  data  were 
collected  from  109  monitoring  wells  around  19  OB/OD  units.  Nine 
of  the  nineteen  sites  showed  some  type  of  ground-water  pollution 
attributable  to  unit  operations.  Metals  and  volatile  organics 
were  considered  a  problem  at  only  two  facilities  each;  however, 
explosive  constituents  exceeded  criteria  at  eight  locations.  In 
the  arid  regions  of  the  western  U.S.,  the  high  ratio  of  evapora¬ 
tion  to  precipitation  precludes  migration  of  contaminants  to  the 
ground  water.  In  the  humid  east,  the  predominant  condition  * 
preventing  significant  contamination  is  low  soil  permeability. 
Concentrations  of  explosives  in  surficial  soils  wao  also  related 
to  concentrations  of  explosives  found  in  the  ground,  water. 

The  O.S.  Army  conducted  a  soil  contamination  study  at 
numerous  Q8/0D  units  during  the  period  March  19B1  to  March  1335 
(reference  d).  Results  of  the  study  indicate  that  OB  uuits 
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contaminate  surficial  soils  when  burning  is  conducted  on  the 
ground.  The  compounds  Most  commonly  detected  were  lead,  barium, 
and  explosives  coapounds.  Run-off  is  a  problea  where  s^il  con¬ 
tamination  is  present.  The  aajor  recommendations  were  to  control 
surface  water  run-on  and  run-off,  to  not  locate  OB  units  in  100 
year  floodplains,  and  to  conduct  OB  in  pans. 

SPA  Consents  on  tb  Perait  Writers'  Guidance  Manual 

BPA  recently  completed  their  review  of  the  Perait  Writers’ 
Guide.  In  general,  EPA  feels  that  the  Manual  needs  exaaples  of 
best  aanagcaent  practices  and  sore  design  iaforsation  and 
•ketchen.  They  suggest  that  the  Manual  provide  reference*  for 
where  to  find  additional  information  on  facility  designs  and 
operation.  Even  though  the  Subvert  X  regulations  are  based  on 
environmental  performance  standards,  EPA  intends  to  apply  design 
standards  for  other  sinilar  TSB  facilties  wherever  possible.  For 
example,  OB  units  equipped  with  pans  say  have  to  aeet  the  double 
containment  requirements  for  tanks,  and  units  where  OB  ia 
conducted  or  the  ground  may  have  to  meet  landfill  design  specifi¬ 
cations.  Some  of  the  major  specific  comments  are  as  follows. 

BPA  suggests  that  the  Manual  specify  types  of  wastes  that  can  and 
cannot  be  accepted  at  an  OB  unit.  The  manual  should  distinguish 
between  the  types  of  wastes  that  can  only  be  treated  by  OB/OD 
versus  thore  that  can  be  treated  using  other  technologies.  The 
manual  should  provide  examples  of  past  and  present  practices;  EPA 
is  looking  for  evidence  of  technological  advances.  The  waste 
analysis  and  closure/post-closure  sections  need  more  details. 

EPA  will  evaluate  requests  for  exemptions  from  ground-water  moni¬ 
toring  on  a  case-by-case  basis.  Fingerprinting  of  routine  wastes 
and  full  analysis  of  off-spec  or  unknown  wastes  should  conducted 
in  all  instances. 

Future  Actions 

One  Army  Command  has  contracted  for  the  development  of  permit 
applications  by  8  November  1988.  A  great  deal  of  time  and  raondy 
will  be  spent  on  this  effort.  Unf ortunotely ,  EPA  will  almost 
certainly  take  2-4  years  to  review  the  applications.  This  delay 
in  the  review  process  will  be  due  to  higher  priority  permit 
reviews  (i.e.,  incinerators  and  land  disposal  units).  We  expect 
that  many  of  the  applications  will  require  significant  revisions 
subsequent  to  EPA  review.  This  will  involve  another  significant 
expenditure  of  tiae  and  money.  In  order  to  ensure  that  revised 


permit  applications  are  adequate,  a  permit  assistance  team  will 
be  formed  to  develop  a  model  permit  from  one  of  the  first  appli¬ 
cations  evaluated.  Then,  using  the  model  permit  as  an  example, 
the  Army  can  proceed  with  permit  application  revisions  while 
waiting  for  EPA  to  complete  all  of  the  permit  reviews.  This 
should  accelerate  the  permitting  process. 

Initially,  EPA  plans  to  use  the  Permit  Writer's  Guidance 
Manual,  supplemented  by  the  EPA  comments,  in  conjunction  with 
the  Section  8  -  "Health  and  Environmental  Assessment"  of  the  EPA 
RFI  Guidance  Document  as  tools  in  evaluating  permit  applications. 
There  is  contradictory  guidance  in  the  two  documents.  EPA  has 
not  established  their  position  on  these  controversial  issues. 
Hopefully,  many  of  the  controversies  will  be  resolved  in  the 
development  of  the  model  permit. 

Summary 

The  U.S.  Army  considers  OB/OD  to  be  the  safest,  most  coat 
effective  means  of  treatment  of  reactive  wastes.  In  order  to 
continue  OB/OD  operations,  recently  promulgated  regulations 
require  that  owner/operators  apply  for  a  P.CRA  permit  by  8 
November  1988.  The  applications  must  address  the  impact  of  the 
unit  on  soil,  ground  water,  surface  water,  end  air.  The  Army 
developed  a  Permit  Writers'  Guidance  Manual  to  assist  applicants 
and  permit  writers  in  the  permitting  process.  SPA  plans  to  use 
this  Manual,  supplemented  by  their  comments,  in  conjunction  with 
the  EPA  RFI  Guidance  Manual  in  the  permit  application  review 
process.  Therefore,  the  Army  will  also  use  these  documents  in 
developing  permit  applications.  The  Army  fully  intends  tc  submit 
complete  permit  applications  by  8  November  1988.  However,  it  is 
anticipated  that  many  of  the  applications  will  require 
significant  revision  after  EPA  review. 

Inferences 

a.  Title  40.  Code  of  Federal  .'emulations  1CFR),  Parts  144,/ 
260,  264,  and  270,  Hazardous  Waste  Miscellaneous  Units-;  Standard; 
Applicable  to  Owners  and  Operators;  Final  Rule;  10  December  1987. 

b.  Memorandum,  USAEHA,  HSH3-ME-SH,  23  May  1987,  subject: 
Hazardous  Waste  Consultation  No.  37-26-1330-87,  Resource 
Conservation  and  Recovery  Act  Part  B  Permit  Writers’  Guidance 
Manual  for  Department  of  Defense  Open  Burning/Open  Detonation 
Units,  July  i986  -  May  1387. 


c.  Letter,  USAEHA ,  HSRB-ES-G ,  28  October  1985,  subject: 
Ground-water  Monitoring  Study  No.  38-26-0457-89,  AMC  Open 
Burring/Open  Detonation  Facilities,  February  1984  -  March  1985. 

d.  Letter,  USAEHA,  IISHB-ES-H,  4  February  1986,  subject: 
Phase  5,  Hazardous  Waste  Study  No.  37-26-0593-86,  Suanary  of 
AMC  Ope!*  Burning/Open  Detonation  Grounds  Evaluations,  March 
1981  -  March  1985. 


UPGRADE  0?  ARMY  APE  1236  DEACTIVATION  FURNACES  AND 
EXPLOSIVE  WASTE  INCINERATORS  TO  MEET  RCRA 


JERRY  R.  MILLER,  P.E. 

AMMUNITION  EQUIPMENT  DIRECTORATE 
TOOELE  ARMY  DEPOT 

The  Army's  attempt  to  get  the  Ammunition  Peculiar  Equipment  (APE)  1236 
and  2210  Deactivation  Furnaces  classified  by  EPA  as  thermal  treatment 
units  instead  of  hazardous  waste  incinerators  failed.  Therefore  these 
furnaces  along  with  the  Explosive  Waste  Incinerators  (EWIs),  which  are 
essentially  deactivation  furnaces,  are  now  classified  as  hazardous  waste 
incinerators  and  are  subject  to  operating  requirements  and  performance 
standards  promulgated  under  the  Resource  Conservation  and  Recovery  Act 
(RCRA).  Under  the  current  configuration  the  APE  furnaces  and  EWIs  do  not 
meet  RCRA  Standards.  These  furnaces  are  presently  operating  under  an 
interim  permit  (Part  A)  until  8  November  1989.  If,  at  that  time  RCRA 
Standards  are  not  met,  the  furnaces  will  either  be  closed  or  only  allowed 
to  process  Class  C  munitions.  Current  EPA  guidance  does  not  Include  all 
DOT  classified  Class  C  munitions  as  exempt  from  RCRA,  only  small  anas  up 
through  5Q  cal.  ball  ammunition.  This  is  of  major  concern  to  the  Armv. 

Special  funding  has  been  provided  by  the  Program  Executive  Office,  for 
Ammunition  to  upgrade  eleven  APE  1236  furnaces.  Funding  for  the  upgrading 
of  the  Explosive  Waste  Incinerators  is  being  provided  through  other 
sources.  The  estimated  cost  to  upgrade  each  furnace  is  $800,000  and  is 
broken  down  into  the  following  general  categories: 
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1.  Gas  Monitoring  Equipment  $  50.000 

2.  Programmable  Control  System  70,000 

3.  Furnace  Burner  Control  System  15,000 

4.  Automated  Monitoring  of  Waste  Feed  25,000 

5.  Afterburner  and  Gas  Coolers  300,000 

6«  Draft  Fan  and  Motor  5,000 

7.  In-place  Equipment  including: 

Fugitive  Emission  Fu;n3 c.a  Enclosure  305,000 

Start-up  and  Run- in  Costs  30,000 


TOTAL 


$  800.000 


Areas  for  consideration  under  RCRA  or  to  Improve  furnace  operations 
which  have  been  discussed  during  numerous  meetings  with  AMC,  AMCCOM  and 
EFA  are  as  follows: 

1.  Fugitive  emission  control 

2.  Automatic  waste  feed  cutoff  system 

3.  Emergency  dump  stack 

4.  McnltcriJig  systems  -  CO,  feed  rate,  combustion  gas  velocity, 
temperature 

5.  Data  acquisition  and  reporting 

6.  Closed  loop  control  on  furnaces 

7.  Afterburners 


II 
\ ; 


is  a  result  of  discussions  with  EPA,  the  emergency  stack  dump  will  be 
•aliair.atad.  An  afterburner  is  necessary  to  achieve  a  destruction  nnd 
removal  efficiency  (DRE)  of  99.992  for  p-iacipal  organic  hccnrdous 
constituents  (FOHCs),  A  high  temperature  gaa  cooler  -ed  a  dP';o.idary  or 
low  teT.peratura  gas  cooler  will  be  needed  to  lower  the  exhaust  res 
temperature  sad  protect  the  baghous-*.  A  larger  draft  fan  will  be  added  to 
ciwapflrmfce  for  the  losses  caused  by  adding  the  afterburner  and  gas 
coolers  The  stack  exhaust  gases  will  ha  monitored  for  CO  levels  as  an 
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indicator  of  destruction  efficiency.  Stack  gas  velocity  and  the  operating 
temperature  of  the  afterburner  will  be  monitored.  All  of  this  monitoring 
is  required  under  RCRA.  The  monitoring  systems,  data  acquisition, 
reporting  and  closed  loop  coutrol  for  the  furnaces  are  being  developed. 

Per  guidance  received  from  EPA,  a  two-piece  input  conveyor  will  be 
Incorporated  into  the  redesign.  The  first  section  will  be  stopped  in  the 
event  of  a  shutdown  of  the  system  while  the  second  section  which  empties 
into  the  furnace  input  housing  hopper  will  continue  to  operate  for  safety 
reasons . 

Two  areas  where  concurrence  from  EPA  has  not  been  totally  received  are 
fugitive  emissions  and  automatic  waste  feed  rate  monitoring. 

Correspondence  between  EPA  and  AED  have  been  ongoing  to  try  and  resolve 
these  issues.  Currently,  AED  is  pursuing  the  design  concepts  of  shrouding 
the  furnace  and  increasing  the  furnace  draft  slightly  for  fugitive 
emission  control  and  providing  a  weighing  system  with  automatic  shutoff  to 
meet  the  automatic  waste  feed  rate  monitoring  requirement  of  EPA. 

The  functional  process  control  diagram  depicts  how  the  system 
functionally  fits  together. 

From  an  operator's  standpoint  the  general  sequence  of  operation  is  as 
follows : 

1.  Load  munition  ID  into  computer  as  requested. 

2.  Verify  correct  item. 

3.  Operating  parameters  are  sent  to  equipment  via  controller. 

4.  Set  munitions  in  receiving  container. 


5.  Close  doer  and  activate  system  operation. 

6.  Munition  or  munitions  are  weighed. 

a.  If  weight  doesn't  exceed  weight  limit  a3  set  in  the 
computer,  the  system  cycles  and  loads  the  munition(s)  onto  the  conveyor. 
The  cycle  is  timed  to  the  flights  on  the  conveyor  to  get  the  correct 
spacing  and  loading. 

b.  If  the  weight  exceeds  the  upper  limit,  the  system  won't 
cycle  until  the  operator  removes  the  excess  weight  and  manually  toggles 
the  weighing  system.  This  will  continue  until  the  correct  weight  is 
obtained  and  the  system  cycles,  allowing  the  operator  to  load  the 
container  again. 

7.  If  the  monitored  emission  level  of  CO  begins  to  approach  the  100 
ppm  rolling  average,  the  weighing  system  will  proportionally  begin  to 
delay  feeding  of  "he  munitions  onto  the  conveyor.  Under  all  operating 
conditions  the  feed  conveyor  will  operate  at  the  same  speed. 

8.  If  the  system  has  an  upset  condition,  the  conveyor  stops  and  the 
monitoring  system  won't  cycle,  preventing  loading  of  any  additional  items 
onto  the  conveyor. 

9.  The  conveyor  will  be  shrouded  to  prevent  loading  items  both 
before  and  after  the  monitor. 

10.  The  above  operating  sequence  may  have  a  tendency  to  slow  down  the 
feed  rate  to  the  furnace.  Consequently,  consideration  is  being  given  to  a 
possible  method  of  bulk  loading  into  a  holding  area  from  which  the  furnace 
control  system  directs  the  speed  of  the  weighing  system  independent  of  the 
operator,  but  in  proportion  to  the  set  operating  parameters. 
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Specifications  have  been  prepared  to  procure  and  install  the  needed 
equipment  to  accomplish  the  furnace  upgrading.  The  specification  packages 
are  divided  into  the  following  areas  so  that  we  can  take  advantage  of 
requirement  type  contracts  along  with  service  contracts: 

1*  Afterburners 

2.  High  and  Low  Temperature  Gao  Coolers 

3.  Furnace  Control  and  Gas  Monitoring 

4.  Miscellaneous  — 1  Fuel  tanks,  conveyors,  draft  fan  and  motor,  etc. 

5.  Installation  —  Install  all  GFB  and  interconnect 

Tooele  Army  Depot  is  scheduled  for  the  pilot  model  system  where  it 
will  be  tested  and  evaluated  during  an  operational  check  and  a  trial 
burn.  Ideally  all  of  the  "bugs”  would  be  worked  out  of  the  pilot  system 
before  the  other  furnaces  would  be  upgraded.  However,  due  to  dictated 
scheduling  constraints  this  will  not  be  the  case.  The  following  Gantt 
Chart  reflects  the  mo3t  optimum  schedule  possible.  Kith  no  major  delays 
this  schedule  could  be  met.  Some  slippages  have  already  occurred  in  the 
area  of  contract  awarding.  However,  we  are  ati.ll  optimistic  that  there 
will  be  no  delays  in  the  installation  of  the  equipment  on  the  pilot  model 
at  TEAD  and  the  schedule  of  upgrading  at  each  of  the  other  sites. 

Usage  data  records  and  detail  stockpile  information  was  provided  to 
AMCPEQ--AMMO  for  use  in  determining  the  locations  and  sequence  of  furnace 
upgrading  if  limited  funding  was  obtained.  The  following  chart  reflects 
the  furnaces  presently  slated  for  upgrade  including  the  EKIs: 
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1.  Tooele  AD  (Pilot) 

2.  Hawthorne  AAP 

3.  Sierra  AD 

4.  Pueblo  ADA 

3.  Anniston  AD 

6.  Red  River  AD 

7.  Seneca  AD 

6.  Umatilla  ADA 

9.  Crane  AAA 

10.  Me  Ales ter  AAP 

11.  Lexington  -  Blue  Crass  AD 

12.  Iowa  AAP 

13.  Lake  City  AAP 

14.  Kansas  AAP 

As  directed  by  AMCCOM,  all  of  the  designated  sites  will  be  done 
concurrently  as  was  shown  on  the  Gantt  chart. 
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DODESB  IGLOO  CONFINEMENT  TEST  PROGRAM 


William  S.  Herrera  and  Luis  M.  Vargas 
Southwest  Research  Institute 


INTRODUCTION 

This  prograa  is  the  third  phase  of  a  study  to  determine  the  effects  of 
confinement  on  the  burning  rates  of  propellants  and  other  combustible  ammunition. 
The  first  phase  of  this  program  dealt  with  the  hazards  involved  with  combustion 
of  class  1.3/1. 4  materials  in  the  open  and  with  preliminary  tests  in  a 
confinement.  The  second  phase  of  this  prograa  concerned  itself  primarily  with 
the  effects  of  confinement  on  the  hazards  generated  from  combustion  of  these 
class  1.3/1. 4  finished  munitions  end  bulk  propellants.  Tests  were  conducted  in 
an  instrumented  moderate  confinement  (an  8  foot  cubicle  fabricated  out  of 
Marinite  which  is  a  heat  resistant  material)  and  also  in  an  instrumented 
substantial  confinement  (a  l/10th  scale  model  igloo  fabricated  out  of  thin 
steel).  One  of  the  more  vital  observations  resulting  from  the  igloo  tests  was 
that  at  certain  propellant  loading  densities,  unburned  pror*llant  was  being 
carried  outside  in  the  plume  and  burning  outside  of  the  igloo. 

This  program,  Phraa  3,  is  the  continuation  of  the  previous  efforts  and  its 
primary  gcal  is  to  determine  whether  typical  storage  construction  configurations 
are  such  that  if  an  ignition  occurs,  the  burning  material  will  be  substantially 
confined  and  whether  this  confinement  will  allow  the  burning  rata  to  escalate 
to  catastrophic  failura.  If  this  failure  does  occur,  then  storage  quantities 
and  subsequent  Quantity-Distance  requirements  msy  have  to  be  revised.  The 
following  is  a  brief  summery  of  the  objectives  and  results  of  this  ongoing 
program. 

PROGRAM  OBJECTIVES  AND  RESULTS 

The  Phase  3  program  was  divided  into  the  following  major  tasks? 

Task  1  Review  of  Phases  1  and  2  of  the  Program 

Task  II  Survey  of  GOCC  and  GOGO  Facilities  In  Order  To  Establish  a  Typical 

Storage  Facility 

Task  III  Reviaw  of  the  Technical  Literature 

Task  IV  Obtain  Thermal  Resistance  Data  for  Materials  of  Construction  and 
Conduct  Preliminary  Tost  Program  Consisting  of  Confinement  Tests 

Task  V  Review  Quantity -Distance  Tables  for  Class  1  3/1.4  Materials 

Task  VI  Develop  A  Full  Scale  Test  Plan 

Currently,  SvRl  has  concluded  the  first  four  tasks  of  the  program.  The  major 
goals  achieved  as  part  of  this  work  Include  the  following:  the  development  of 
a  comprehensive  listing  cf  typical  class  1. 3/1.4  munition  storage  facility 
construction  types  and  the  identification  of  typical  construction  materials 


(Table  1);  the  identification  of  typical  vent  area  ratios  (Table  2);  tha 
identification  of  storage  configurations  with  regards  to  saterial  qucntitiea  and 
loading  densities;  the  development  of  a  table  of  thermal  resistances  for  the 
various  materials  of  construction  (Table  3);  and  the  conduct  of  the  confinement 
tests  which  are  described  in  more  detail  in  the  following  paragraphs. 

C0HF2N2MENT  TESTS 

Test  Protocol 


The  confinement  tests  were  performed  using  an  instrumented  1/10 th  scale 
model  igloo  as  shown  in  Figure  1.  Temperatures  were  measured  with  eight  Type 
K  Thermocouples  located  on  the  igloo  as  shown  in  Figure  2.  The  thermocouples 
were  of  the  exposed  junction  type  to  increase  response  time  and  were  situated 
•uch  that  the  exposed  junction  was  flush  with  the  inside  skin.  Three  Kiel  Prcbes 
were  located  outside  of  the  igloo  door  and  were  used  to  measure  plume  velocity. 
Thermocouples  were  also  located  adjacent  to  the  Kiel  probes  for  the  measurement 
of  the  plume  temperature.  The  Kiel  probes  and  thermocouples  were  mounted  on 
stands  as  showu  In  Pigure  1  and  were  placed  at  various  distances  from  the  igloo 
door  in  order  to  profile  the  plume.  A  radiometer  was  placed  in  the  path  of  the 
fireball  3  feet  from  the  door  opening  ar.d  it  was  used  to  measure  the  heat  flux 
in  the  plume.  Video  cameras  were  strategically  positioned  to  record  the  plume 
sixes  and  the  generation  of  firebrands. 

The  actual  tests  were  conducted  using  two  propellants,  i.e.,  IHR  8203  and 
Ml  propellants  and  the  ALA  17  incendiary  flares.  The  quantities  of  the 
propellants  and  the  number  of  flares  wore  varied  as  was  the  igloo  door  opening. 
A  best  matrix  was  developed  and  is  presented  here  as  Table  4.  As  can  be  seen  in 
Tablo  A,  propellant  quantities  of  1,  5,  and  10  pounds  were  tested  for  each  t>£ 
three  scaled  vent  areas  (a  series  of  teats  were  conducted  using  2-,  4-,  and  6- 
pound  quantities  of  the  IME  8208  propellant  in  combination  with  a  vent  area  of 
144  sq  In.).  The  three  sealed  vent  areas  tested  were  selected  to  correspond  with 
door  and  vent  areas  feund  in  actual  plant  storage  facilities.  The  three  vent 
sixes  were;  a  large  vent  size  of  12  inches  by  12  inches  which  corresponded  to 
a  Storage  facility  with  double  doors  and  numerous  windows  (vent  area  ratio  of 
0.1234);  a  medium  vent  size  of  9  inches  by  9  inches  vhich  corresponded  to  an 
earth-covered  igloo  with  a  double  door  (vent  area  ratio  of  0.07);  and  *  smaller 
vent  size  of  6  inches  by  6  inches  which  corresponded  to  an  earth-covered  igloo 
with  a  six gle  door  (vent  area  ratio  of  0.03). 

The  propellant  tests  vere  performed  using  scaled  model  cardboard  canisters 
to  simulate  the  actual  storage  drums  used  to  ship  propellants.  Two  sizes  of 
canisters  were  used  in  the  tests,  a  cardboard  canister  3.5  inches  in  diameter 
which  corresponded  to  s  l/50th  scale  model  of  the  druxr  used  to  store  the  IMF. 
8208,  and  a  4-inch  diameter  canister  vhich  was  a  l/65th  scale  model  cf  the  drum 
used  to  store  the  Ml  propellant.  Molecular  sieves  (synthetic  alkali  metal 
aluaino-silicate)  having  the  same  size  and  density  of  the  Ml  propellant  were  used 
as  an  inert  simulant  and  several  gram  quantities  were  placed  in  the  Ml  canisters 
prior  to  the  rests.  Posttest  inspections  were  conducted  to  determine  the  length 
of  travel  of  the  inert  materials.  In  all  of  the  propellent  tests,  the  canisters 
were  ignited  using  an  e)*ctric  match  placed  just  below  the  top  surface  of  the 
propellant  ar.d  multiple  canisters  wer»  ignited  simultaneously.  The  propellant 
canisters  end  the  flares  were  centered  inside  the  igloo  under  thermocouple 


location  3.  The  ALA  1?  flare  teats  were  conducted  with  the  flare  bodies  out  c2 
the  metal  canister. 


Propellant  Tests 


Seven  preliminary  tests  were  used  to  verify  instrumentation.  Twenty  five 
actual  tests  were  performed  with  the  IKR  3208  and  the  HI  propellant  in  the  x/ldth 
scale  igloo.  Eleven  of  these  tests  were  performed  using  a  12-inch  square  vent 
(a  vent  area  ratio  of  0.1234),  seven  tests  were  performed  using  a  9-iac b.  square 
vent  (a  vent  area  ratio  of  0.P597),  and  seven  tests  were  performed  using  a  6- 
inch  square  vent  (a  vent  area  ratio  of  9.031).  Table  5  presents  a  sunt«xry  of 
these  23  tests  and  presents  data  on  the  plume  lengths.  As  can  be  seen  in  T&M® 
5,  there  are  two  plume  lengths,  the  maximum  length  that  the  fire  reached  and  the 
length  of  the  plume  which  exhibited  the  highest  intensity.  Ou  all  of  the 
propellant  tests  performed,  a  region  of  very  high,  intense  heat  was  found  and 
its  length  was  always  less  than  the  maximum  that  the  flame  would  reach  out  to. 
Thermocouple  and  radiometer  data  were  recorded  for  each  of  the  tests. 

ALA  17  Flare  Tests 

A  total  of  seven  tests  were  performed  using  the  ALA  17  flares.  Summarise 
of  these  tests  including  plume  lengths  are  also  presented  in  Table  5. 
Thermocouple  and  radiometer  data  were  recorded  for  each  of  the  tests. 

Data  Analysis 

Preliminary  analyses  of  the  thermal  data,  Kell  probe  data  and  radiometer 
data  recorded  for  each  of  the  tests  has  been  conducted.  The  following  paragraphs 
present  details  on  the  analyses  performed  to  date. 

Plume  Data 

A  table  of  plume  lengths  was  developed  and  is  presented  In  this  paper  as 
Table  5.  As  can  he  seen  in  Table  5,  there  are  two  plume  lengths,  the  maximum 
length  that  the  fire  extended,  and  the  length  of  the  plume  which  exhibited  the 
highest  intensity.  Or.  all  of  the  propellant  tests  performed,  a  region  of  very 
high,  intense  heat  was  found  and  its  length  was  always  less  than  the  maximum 
length  that  the  flame  would  extend  to.  As  shown  in  Table  5,  there  are  several 
tests  where  the  plume  length  exceeded  25  feet  in  the  1/10  scale  model  tests. 
The  actual  plume  velocities  were  calculated  for  each  test  using  the  Kell  probe 
data,  which  gave  a  pressure  in  inches  of  water  and  using  the*  plvuse  temperature 
data  recorded  by  the  thermocouples  mounted  adjacent  to  the  Ke.il  probes  in 
combination  with  the  following  equation: 

V  -  (P/Gas  Density)0’3 

Where  V  is  the  plume  velocity,  p  is  the  over  pressure,  and  the  density  of  air 
was  used  as  the  density  of  the  plume  gas.  This  density  term  was  corrected  for 
the  temperature  using  the  thermocouple  data  recorded  at  the  Foil  probe.  A  table 
of  velocities  for  each  test  is  presented  here  as  Table  6.  Figure  z  presents  the 
plume  velocity  data  as  a  function  of  distance  from  the  igloo  door  for  the  5  pound 
Ml  propellant  tests  conducted  varying  the  igloo  door  size  (vent  area) .  Figures 
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4  end  5  present  similar  data  for  the  10  pound  tests  for  the  HI  and  the  IHR  8208 
propellants  respectively-  As  can  ba  seen  in  Pigure  3,  for  the  5  pound  tests, 
the  velocities  increase  as  the  igloo  door  size  or  vent  area  is  reduced.  Figure 
4  presents  similar  data  for  the  10  pound  Ml  propellant  test  and  as  can  be  seen 
in  Figure  4,  as  the  ig.lca  door  size  is  reduced  from  12  inches  to  9  inchus,  the 
plume  velocity  increased  as  was  expected.  However,  when  the  door  size  was 
reduced  from  9  inches  to  6  inches  the  plume  velocity  decreased.  Figure  3 
presents  the  data  for  the  10  pound  IMR  8208  tests  and  similarity  to  the  Mi  testa, 
as  the  igloo  door  size  was  reduced  from  9  inches  to  6  inch* 3 ,  the  plume  velocity 
decreased  instaed  of  increasing.  This  drop  in  velocity  is  indicative  of  the  plume 
flow  becoming  choked  at  the  door  &3  was  evidenced  by  the  video  coverage  of  the 
10  pound  IMR  820#'  test  performed  with  the  6  inch  door.  A  review  of  the  video 
recording  shoved  that  the  hottest  portion  of  the  plune  separated  from  tho  igloo 
and  was  pul3ijig  back  and  forth  outside  of  the  igloo  dcorwty  indicative  of  choked 
or  aear-choked  flow.  In  reference  to  the  igloo  internal  pressures,  the  maximum 
pressures  measured  for  each  test  are  included  in  Table  6.  Unfortunately,  for 
the  majority  of  the  larger  tests,  the  limits  for  the  pressure  gauges  (0.36  psi; 
were  exceeded  during  the  test  ar.d  the  actual  peak  pressures  were  unavailable. 

Temperature  Profiles 

A  considerable  amount  of  temperature  data  was  obtained  for  each  test.  As 
previously  described  in  this  report,  a  total  of  eight  type  K  thermocouples  were 
mounted  on  the  igloo  and  three  thermocouples  were  Located  outside  of  the  igloo 
at  varying  distances.  A  sample  set  of  temperature  profiles  of  the  maximum 
recorded  temperature  for  each  of  tho  thermocouple:  for  a  test  has  been  included 
as  Attachment  1  to  this  paper.  A  series  of  curves  have  been  developed  shoving 
maximum  thermocouple  temperature  versus  distance  from  the  beck  wall  of  the  igloo, 
i.e.,  a  distance  of  2  feet  corresponds  to  thermocouple  7  and  a  distance  of  8.2 
feet  corresponds  to  the  thermocouple  located  outside  of  the  igloo,  thermocouple 
9.  Figures  6  through  9  present  temperature  profiles  for  the  5-  and  10-pound 
'  tests  involving  the  Ml  and  IMR  8208  propellants.  In  each  figure,  data  is 
presented  for  the  12-,  9-  and  6-inch  door  vents  enabling  for  direct  comparisons 
to  be  made. 

Aa  can  be  seen  in  Figure  6,  the  higher  temperatures  for  the  5  pound  Ml 
teats  are  occurring  outside  of  the  igloo  (the  distance  of  7.8  feet  corresponds 
to  the  thermocouple  just  inside  of  the  igloo  door  and  ths  distance  of  8.2  feet 
corresponds  to  the  first  thermocouple  outside  of  the  doorj  as  would  be  expected 
acd  strongly  indicates  that  uaburced  propellant  is  being  carried  out  in  the  plume 
and  combustion  of  the  propellant  is  occurring  outside  of  the  igloo.  A  similar 
situation  is  occurring  with  the  IMR  8208  propellant  (see  Figure  7)  at  least  for 
the  larger  vent  (12-inch  door);  however,  for  the  smaller  dodrs  especially  the 
9-inch  door,  the  temperatures  are  relatively  higher  inside  of  the  igloo  than  they 
are  outside,  indicating  that  more  of  the  combustion  is  occurring  insida  of  the 
ifiloo.  The  10-pound  Ml  tests  yielded  similar  results  as  shown  in  figure  8,  with 
tfc  s  higher  temperatures  occurring  outside  of  the  igloo  rather  than  inside,  and 
agiin  implying  that  unbarred  propellant  is  being  carried  out  ir.  the  plume  and 
burning  outside.  This  phenomena  is  further  verified  by  the  fact  that  inert 
particles  inserted  in  the  Ml  propellent  canisters  were  recovered  at  varying 
distances  (15  to  25  feet)  from  the  igloo  arid  by  the  fact  that  on  several  of  the 
teats,  the  propellant  grains  can  bo  seen  burning  outside  of  tha  igloo  as  recorded 
by  the  video  cameras.  The  10- pound  IK?.  8203  test  as  shown  in  Figure  9  indicated 
that  as  the  size  of  the  vent  was  reduced,  the  quantity  of  material  burning  inside 
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of  the  igloo  increased.  This  is  indicated  by  the  rise  in  the  inside  temperature 
as  compared  to  the  outside  temperature.  Figure  9  further  shows  that  when  the 
vent  has  been  reduced  to  6  inches,  the  inside  temperatures  are  much  higher  than 
the  outside  temperatures.  This  would  indicate  that  the  majority  of  the  burning 
is  occurring  inside  of  the  igloo. 

Affects  of  Plume  Lengths  On  Quantity  Distances 

The  pluse  lengths  measured  during  these  tests  showed  that  on  the  majority 
of  the  larger  tests,  those  involving  10-pound  quantities  (10,000  pounds  full 
scale)  the  plumes.were  reaching  lengths  of  approximately  23  feet,  with  velocities 
in  excess  of  150  feet  per  second.  The  plume  data  con  be  -scaled  to  the  full  scale 
conditions  since  plume  velocity  and  distance  traveled  will  scale  directly.  The 
scaling  relationships  generated  in  the  Phase  2  program  [1]  were  presented  in 
terms  of  the  geometrical  length  scale  factor,  1,  which  i3  the  ratio  of  a  length 
in  the  model  to  a  corresponding  length  in  full  scale.  The  quantity  of 
propellants  must  scale  as  the  enclosure  volume  of  reproduce  results: 

(Hi-VO-A3) 

where  M*  is  the  propellant  mass  and  V0  i3  the  enclosure  volume.  Tbs  vent  area 
will  scale  as 

A,-A* 

The  plume  velocity  will  scale  as 

0,-(Mi/A,)-A 

This  would  imply  that  for  the  full  ccale  condition  of  10,000  pounds  of  propellant 
in  a  full  scale  underground  igloo,  the  plume  would  be  expected  to  travel 
approximately  250  feet  and  have  a  velocity  in  excess  of  1500  fps.  However,  for 
the  larger  quantities,  it  appears  from  the  test  data  that  as  the  quantity  of 
material  is  increased,  the  flow  out  of  the  Igloo  will  become  choked  and  the  plume 
will  travel  lest  distance  out  of  the  igloo.  Now,  however  the  failure  mechanism 
is  not  the  plume  igniting  the  adjacent  surroundings  but  is  instead,  the  danger 
of  the  propellant  burning  rate  escalating  to  detonation  velocities  and  the 
subsequent  pressure  failure  of  the  igloo. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  the  results  of  the  confinement  tests,  a  number  of  conclusions  can 
be  drawn  regarding  the  combustion  behavior  of  propellants.  'The  velocity  data 
has  shown  that  as  either  the  quantity  of  propellant  burning  is  increased  or  the 
vent  area  is  reduced,  the  quantity  of  gases  being  generated  will  exceed  the 
capability  of  tba  vent  and  the  gas  flow  will  eventually  go  to  a  choked  condition. 
The  igloo  will  then  respond  a3  a  totally  closed  system  and  catastrophic  failure 
of  the  igloo  is  almost  certain.  This  condition  is  further  verified  by  the 
temperature  data  which  indicates  that  as  the  plume  becomes  choked,  the  primary 


1  V.R.  Herrera,  L.M.  Vargas,  et  al.  A  Study  of  Fire  Hazards  from  Combustible 
Ammunition-Effects  of  Scale  and  Confinement  (Phase  II),  Prepared  for 
DODESB,  Deceroer  193 A. 
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combustion  of  the  propellant  will  occur  inside  of  the  igloo  end  vary  little 
material  will  be  carried  out  in  the  plume. 

The  teat  results  to  date  indicate  that  the  plume  length  and  thermal  flux  and 
the  distance  that  firebrands  will  travel  will  have  an  impact  on  the  siting 
requirements  for  storage  facilities.  The  potential  for  the  burning  rata 
escalating  to  a  detonation  as  a  result  of  confinement  will  have  an  impact  on  the 
quantity  of  Class  1.3  and  1.4  materials  that  can  be  stored  in  substantially 
strong  and  ventilation-limited  storage  facilities. 

Based  on  the  results  of  the  scaled-confinement  tests,  it  is  recommended  that 
a  number  of  additional  tests  be  performed.  Tho  first  type  of  tests  to  bo 
performed  should  involve  larger  quantities  of  propellants  using  the  same  l/10tb 
scale  Igloo.  The  larger  quantities  of  propellants  will  demonstrate  whether  the 
plume  will  indeed  become  choked  as  was  implied  by  the  smaller  testa  and  if  choked 
conditions  do  occur  whether  the  burning  rate  inside  the  igloo  will  escalate  to 
a  detonation.  Tho  second  series  of  t.est3  should  be  performed  using  a  larger 
scala  model  to  determine  whether  direct  scaling  laws  apply  to  the  plume 
velocities  and  to  the  plume  lengths. 
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TABLE  1.  MATERIALS  OP  COHSTRUCTIQtf 


Lorghorn  Lon*  Star  Pine  Blu£f  Radford  Indian  Lake  City 


AA? 


AAP 


Arsenal 


AA? 


Head 


AA? 


Metal  aiding  V,R 

Corrugated  metal  &  & 

Corrugated  AC  W,R 

Hollow  tile  V  V 

Masonry  block  V 

Reinforced  V,F  W.F.R  V.F.S.D 

concrete 

tfood/sheetrock/  R 

singles 

Wood/metal  D  D 

Wood/AC  D 

Glass  V.D 

loot  P  P,D  P 

Steel  D.V  D.V  V 


R 

W,R 


W.F.R 


0 

W.R 

F 

V 


R 

V 

V 

W.F.R 


R 

V,R 


D.V 


D 

W.D 

V 


V  -  vails 
2  -  roof 
F  -  floor 
D  -  doors 

V  -  vents  and  vindcvs 
P  -  pallets 


T4HL2  2.  STORAGE  FACILITY  VENT  AREAS 


Vent  Vent  Area 


Building 

Dimensions  (ft) 

Volume 

Area 

Ratio 

Facility 

Type 

Dpth  x  Vdth  x 

Ht  Ft3 

Ft1 

AA,2/3 

SvSI 

l/10th  Igloo 

8'x?.7'xl.35' 

23.04 

1.0 

0.1234 

Indian  Head 

Igloo 

39.4^19,^,, 

12915 

74.5 

0.1333 

Igloo 

&2'x25'xll' 

35421 

74.3 

0.0691 

Rectangular 

51' 2*xl01 'xl4  1 9  " 

7597/ 

203 

0.1160 

Portable 

8'x8'x3' 

512 

0.698 

0.0109 

Primer  mag. 

14'xl2T7'5* 

1260 

27.5 

0.2337 

Rectangular 

35'x30'x9' 

9450 

44.4 

0.0992 

Lone  Star 

Rectangular 

ElT'xSl'xlA'S11 

162353 

692.0 

0.2323 

Rectangular 

217'x5i'xl4’8* 

162353 

-*00.0 

0.1344 

Igloo 

40'x26'6"xl2’9* 

21146 

30.0 

0.0392 

Igloo 

60 ' x26 ' 6,xl2' 9* 

31719 

30.0 

0.0299 

Longhorn 

Rectangular 

150 1 x80 ' zl2 ' 

144000 

831.0 

0.3024 

Richmond 

ei'S’xas'S'xio* 

16258 

118.0 

0.1833 

Richmond 

61 ' 5*x26 ’ 5*xl0 ' 

16255 

48.0 

0.C747 

Rectangular 

220’x52'xl2' 

137280 

473.0 

C.1777 

Fine  Bluff 

Igloo 

60,x26'6*xl2'9* 

32204 

30.0 

0.0297 

Radford 

Igloo 

82,2,x25,xl3* 

41861 

36.0 

0.0299 

Lake  City 

Rectangular 

25 'x45 'xlO '7* 

11906 

129.4 

0.2482 

TABUS  3.  THERMAL  RESISTANCE  OF  MATERIALS  OF  CONSTRUCTION 


Material 

Tine 

Reference 

Nalls 

S*  Standard  Reinforced  Concrete 

2.5  hr 

1  p7-101 

2.0  hr 

2 

6*  Standard  Reinforced  Concrete 

3.5  hr 

1  p7-101 

2.5  hr 

2 

7*  Standard  Reinforced  Concrete 

4.7  hr 

1  p?-101 

4.0  hr 

2 

12*  Standard  Reinforced  Concrete 

12.7  hr 

1  p7-101 

14*  Standard  Reinforced  Concrete 

16.9  hr 

1  p7-101 

7*  Hollow  Tile  Block 

3/4  hr 

1  p7-92 

8*  Hollow  Tile  Block 

3/4  to  1  hr 

1  p7-92 

12*  Hollow  Cinder  Block  Filled  With  Sand 

2  1/2  hr 

1  p7-92 

Standard  Cinder  Block 

1-1/4  hr 

1  p7-94 

Brick  (12*  brick  (outer  wall)/2*  air  gap/ 

4*  brick  (inner  wall) 

8  hrs 

1  p7-92 

Metal  Siding  (Butler  Building  Type) 

5  min 

1 

Corrugated  AC  Siding  cn  2x6  Studs/ 

3*  Batt  Insulation/lx4  Furring  Strip3 

Solid  Up  To  6ft  then  every  16*  CC/ 

1/4*  Hardboard  Cover 

10  min 

1  p7-96 

Corrugated  AC  Siding  on  Studs/ 

3.5*  Batt  Insulatioa/lx4  Furring 

Strips  Solid  Up  To  6ft  than  every 

16*  CC/1/4*  Hardboard  Cover 

10  min 

1  p7-S5 

Roof 

5*  Reinforced  Concrete 

2.5  hr 

I  p7-101 

2.0  hr 

2 

S*  Reinforced  Concrete 

3.5  hr 

1  p7-101 

2.5  hr 

2 

12*  Reinforced  Concrete 

12.7  hr 

1  p7-101 

14*  Reinforced  Concrete 

16.9  hr 

1  p7-101 

Corrugated  Asbestos  Roofing  on  2x6  Studs 

30  sin 

1  07-95 

Corrugated  Metal 

5  min 

1 

Metal  Siding 

5  cin 

1 

2x6  Studs  with  3/4  in.  Sheathing 

23  sin 

1  p7- 95 

22  ga.  6.1.  2oo£/3/4*  Insulation/3/16  in. 
Asbestos 

20  min 

1 

Tar  and  Gravel  on  1*  Solid  Sheathing/2x4’ 

Joists  on  16*  CC/4*  Brtt  Insulation/1/2* 
Fiterbaard 

25  sin 

1  p7-94, 96 

Built  up  Tar  and  Gravel  Soofing/7/8"  Roof 

Bnards/2*  Cross  Strip  2x14  at  15'CC  Joists/ 

3.5*  Fiberglass  Batt/l/S"  Hardboard  over 
1/2*  Fiberboard  30  ®ia 

235  Composition  3hingles/Sheetrock/2x6  Vood  Joists  30  sin 


1  p7-95,95 
1  p7-95 


TABLE  3  (CONT'D) 


Material 


References 


233  Composition  Shingles/1/2"  Plywood/Shsstrcck/ 
2x6  Wood  Joists 

Corrugated  Aluainuc  Roofing/Asbestos  Shingles/ 
2x5  Joists 

Doors 

1-3/4"  Wood  Toor  with  Galvanized  Metal  Cover 
Front  and  Rear  vith  Wire/Glaas  Window 

1-1/3"  Wood  Door  with  Galvanized  Metal  Ccvo»- 
Front  and  Rear  Metal  Clad  Door 

1-3/8"  Wood  Door  with  Metal  Skin--Metal  Clad 

Corrugated  Metal  on  2x4  Froae — Hollow  Metal 

Calvanlzed  Metal  Covar/2x6  Fraae — Hollow  Metal 

1/4"  Ctael/4*  Wcod/1/4"  Steel— Metal  Clad 

1/4"  AC/1/ 2"  Plyvood/Zx5  Frame — Wood  Door 
1/4"  AC  on  Solid  2x6s — Wood  Door 

3/8*  Stl  Sheet  on  Steel  Fraae— Hollow  Metal 

3/16*  Stl  Sheet  on  Steel  Frame --Hollow  Metal 

1-3/8"  Steel  Plate — Metal  Door 

Thin  Metal  Rollup — Metal  Door 

4*  Reinforced  Concrete 
Windows 

Wood  Sash  and  Fraae  With  Steel  Shutters 
Standard  Glass  With  Steel  Grate 
1/4"  Steal  Plates 

Mounting  Attachments 

*  if  aatal  only  on  outside  of  door 

References s 

1.  Fire  Protection  Handbook 

2.  Uniform  Building  Coda  Standard  43-9 

3.  UP? A  Codes  -  (So. 80  -  p. 80-31) 


30  sin 


10  Bin 


1  p7-95 
1  p7-95 


3/4-1-1/2  hr  3 
3/4  hr 

3/4-1-1/2  hr  3 
3/4  hr 

3/4-1-1/2  hr  3 
20  Bln* 

3/4-1-1/2  hr  3 
20  ain* 

3/4-1-1/2  hr  3 
20  ain* 

1-1/2  hr  3 

3/4-1  hr 
20  aini  20  ain3 
20  Bin  3 

20-30  ain 
3/4-1-1/2  hr  3 
3/4  hr* 

3/4-1- 1/2  hr  3 
3/4  hr* 

1-1/2  hr  3 

3/4  hr 

3/4-1-1/2  hr  3 
10  sin 
1-1-1/2  hr 


20  win 
3  ain 
1-1/2  hr 

30  ain 


„'V"  «i--- 


TABLE  4.  IGLOO  C0N?1HZMEKT  TEST  MATRIX 


Quantity 

Vent  Size 

Test 

Material 

(lb) 

(in.) 

8 

IMR  8208 

2 

12 

9 

not  8208 

4 

12 

10 

IMS  8208 

6 

12 

11 

Ml 

1 

12 

12 

Ml 

5 

12 

13 

IMS  8208 

1 

12 

14 

IMS  8208 

5 

12 

15 

IMS  8208 

10 

12 

16 

Ml 

10 

12 

17  (Repeat  12) 

Ml 

s 

12 

24  (Repeat  16) 

Ml 

10 

12 

18 

IMS  8208 

5 

9 

19 

Ml 

3 

9 

20  (Repeat  18} 

IM1  8208 

3 

9 

21 

IMS  8208 

1 

9 

22 

Ml 

1 

9 

23 

Ml 

10 

9 

31 

IMS  8208 

10 

9 

23 

Ml 

1 

6 

26 

IMS  8208 

1 

6 

27 

Ml 

3 

6 

28 

IMS  8208 

3 

6 

32 

Ml 

10 

6 

33 

IMS  8298 

10 

6 

39 

Ml 

10 

6 

29 

ALA  17 

1/2 

12 

30 

ALA  17 

1 

12 

34 

ALA  17 

1 

9 

33 

ALA  17 

1 

6 

36 

ALA  17 

2 

12 

37 

ALA  17 

2 

9 

38 

ALA  17 

2 

6 

Test  12i  This  test  was  perfomed  using  black  powder  boosters  to  initiate  the 
propellant  In  the  canisters. 

Teat  16 i  This  test  had  Instrumentation  problems  on  Channels  1,1,  3,  and  7. 

Test  17 i  Channel  6  was  lost  during  this  test. 

Test  27:  This  test  was  conducted  during  gusty  wind  conditions. 
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TA3LJE  S.  IGLOO  C0U7IKZKENT  TEST  MATEIX 


Quantity 

Vent  Size 

Plate  Length 

(ft) 

Material  (lb) 

_  _(in.L__ 

Max 

Hot 

8 

IMS 

8201  2 

12 

10 

4 

9 

unt 

8208  4 

12 

13 

9 

10 

lire 

8208  6 

12 

15 

12 

11 

Ml 

1 

12 

9 

5 

12 

Ml 

3 

12 

17 

13 

13 

IMS 

8208  1 

12 

3 

3 

14 

IMS 

6208  3 

12 

16 

14 

13 

IMS 

8203  10 

12 

23 

18 

16 

Ml 

10 

12 

25 

15 

17  (lopeat  12)  Ml 

3 

12 

12 

9 

24  (Stepeat  1$)  Ml 

10 

12 

25 

14 

18 

IMS 

8208  3 

9 

20 

17 

1* 

Ml 

3 

9 

13 

10 

20  (Seoea 

t  18)  IMS 

8208  3 

9 

10 

8 

21 

IMS 

8208  1 

9 

6 

3 

22 

Ml 

1 

9 

8 

7 

23 

Ml 

10 

9 

25 

14 

31 

IM* 

8208  10 

9 

20 

12 

25 

Ml 

1 

6 

8 

6 

26 

IMS 

8208  1 

6 

4 

- 

27 

Ml 

5 

6 

20 

15 

28 

IMS 

6208  3 

6 

20 

17 

32 

Ml 

10 

6 

13 

9 

33 

IKS 

820*  10 

6 

18 

13 

39 

Ml 

10 

6 

18 

14 

29 

ALA 

17  1/2 

12 

10 

5 

56 

ALA 

17  1 

12 

10 

5 

34 

ALA 

17  1 

9 

10 

8 

33 

ALA 

17  1 

6 

10 

8 

36 

ALA 

17  2 

12 

13 

12 

37 

ALA 

17  2 

9 

13 

10 

38 

ALA 

17  2 

6 

23 

13 

Motet. 

Tast  12 t 

This  t  ist  wai 

performed  usint  Meek 

powder  booster*  to  initiate 

the 

propellant  in 

the  canisters. 

Teat  16 1 

Thia  tost  h*d 

inetruaentat Jnn  pir>bl>’ 

ns  on  Channels 

1,  3,  5,  and 

7. 

Test  17  j 

Channel  6  was 

loot  during  this  test. 

Test  27 1 

This  test  was 

conducted  during  guaty 

wind  conditions . 

526 


TABLE  6.  IGLOO  PRESSURES  AND  VELOCITIES  SUMMARY 


Material 

Type 


Quantity 

(lb) 


Pretsure 

(pel) 


VI 

(fP?> 


V2 

llBil 


V3 

(fpe) 


12- Inch  Door 


s 

IMS  8208 

2 

9 

IMS  8208 

4 

10 

IMS  8208 

6 

0.1 

136 

124 

90 

11 

HI 

1 

0.01 

47 

39 

22 

12 

Ml 

5 

0.18 

125 

88 

88 

13 

IMS  8208 

1 

0.01 

43 

23 

0 

14 

IMS  8203 

3 

0.18 

168 

105 

112 

15 

IMS  6208 

10 

0.18 

153 

109 

113 

16 

Ml 

10 

0.18 

111 

68 

39 

17 

Ml 

s 

0.04 

116 

51 

15 

24 

Ml 

10 

0.14 

135 

60 

67 

9 -Inch  Dcor 

18 

IKS  8203 

5 

0.18 

70 

48 

42 

19 

Ml 

5 

0.11 

130 

59 

43 

20 

IMS  8203 

5 

0.14 

74 

33 

16 

21 

IMR  8208 

1 

0.06 

106 

67 

17 

22 

Ml 

1 

0.01 

38 

23 

15 

23 

Ml 

10 

0.34 

154 

101 

68 

31 

IMR  8208 

10 

0.18 

202 

114 

48 

6-Inch  Door 

23 

Ml 

1 

0.09 

133 

51 

37 

26 

IMR  8208 

1 

0.06 

101 

34 

21 

27 

Ml 

5 

0.18 

165 

119 

89 

23 

IMR  8208 

3 

0.18 

163 

101 

66 

32 

Ml 

10 

0.18 

84 

54 

15 

33 

IMR  8208 

10 

0.36 

182 

106 

88 

39 

Ml 

10 

0.36 

133 

85 

58 

Flares 

29 

ALA  17 

0.5 

0.03 

153 

104 

74 

30 

ALA  17 

1 

0.09 

205 

172 

49 

34 

ALA  17 

1 

0.08 

99 

53 

15 

33 

ALA  17 

1 

0.23 

89 

63 

31 

36 

ALA  17 

2 

NA 

205 

147 

26 

37 

ALA  17 

2 

NA 

294 

162 

23 

38 

ALA  17 

2 

0.36 

251 

14  = 

41 

Notes i 

Teats  8-14 t  Had  thermocouples  »t  3*,  3'  and  6’ 

Tests  15:  Bad  thermocouples  3',  6'  and  9' 

Teats  16-17  and  7.4:  Bad  thermocouples  at  6',  9*  and  17' 

Tests  21  and  22:  Had  thermocouples  at  3",  3'  and  6' 

Tests  18-20  and  23  and  31:  Had  thermocouples  at  6',  9'  and  17' 
Testa  23-23:  Had  thermocouples  at  3’,  3’  and  6' 

Tests  32,  33  and  39:  Had  thermocouples  at  6',  9'  end  17' 

Testa  29  and  20:  Had  thermocouples  at  3*,  3'  and  6' 

Testa  34-3S:  Had  thermocouples  at  6’,  9'  and  17' 


527 


Velocitj  Coopsrison  of  Ml  -  5-lb  Test 


200 


Figure  5.  Plume  Velocity  Comparison  of  IMS  3208  -  10-lb  Test 
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MULTIPLE  QUANTITY  DISTANCES 


EXAMPLE  -  Three  Phased  Siting  at  MOBs 
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FUKTHER  PROCESSING  OF  THREE-PHASED  SITING  IS  PENDING  ON  ESTABLISHMENT  OF  A 
REALISTIC  ENFORCEMENT  MECHANISM  (IMPLEMENTATION  IN  AFR  127-100) 


ASSESSMENT  OF  THE  PROBABILITY  OF  EXPLOSION  EVENTS  IN  KAHUFACVUS I HG  ANtf 
STORING  OF  AMMUNITION  AND  EXPLOSIVES 


Authors:  Peter  Kummer  and  Andreas  F.  Bienz 

Ernst  Basler  &  Partners  Ltd.,  8702  Zollikon,  Switzerland 


Abstract 

According  to  the  explosive  safety  regulations  for  the  Swiss  Federal  Arma¬ 
ment  Industry  a  quantitative  risk  analysis  has  to  be  made  for  the  safety 
evaluation  of  each  new  operation,  manufacturing  plant,  building  or  stor¬ 
age  facility. 

To  estimate  and  quantify  the  actual  hazards,  the  risk  analysis  has  to 
consider  the  effects  of  explosions  or  fires  as  well  as  their  respective 
event  probability.  Today,  explosion  effects  are  generally  well  document¬ 
ed,  or  they  can  easily  be  established,  e.g.  by  means  of  model  or  full- 
scale  tests.  However,  only  little  basic  data  is  made  ready  for  the  esti¬ 
mation  of  the  event  probabilities,  so  that  in  practice  its  determination 
may  be  difficult.  Basically,  there  are  three  approaches  to  estimate  the 
probability  of  an  event:  Statistically,  analytically  and  intuitively. 

This  paper  explains  as  to  how  these  three  approaches  are  useful  for  esti¬ 
mating  the  event  probability,  either  individually  or  combined.  It  des¬ 
cribes  the  advantages  and  disadvantages  of  each  approach  as  well  as  the 
way  of  putting  it  into  practice.  Moreover,  a  general  "Basic  Frequency 
Rate  System’  will  be  shown,  which  represents  the  combination  of  all  the 
approaches  and  allows  to  consistently  assess  the  probability  of  explosion 
events.  Several  examples  demonstrate  the  practical  usefulness  of  this 
concept. 


Paper  presented  at  the  23r^  Department  of  Defence  Explosives  Safety 
Seminar  in  Atlanta/USA,  9-li  August,  1588 
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1.  THE  PROBLEM 


Most  safety  regulations  for  the  manufacturing  and  storing  of  explosives 
and  ammunition  are  still  based  on  the  safety  distance  concept.  A  typical 
example  are  the  widely  used  'NATO  Safety  Principles  for  the  Storage  of 
Ammunition  and  Explosives".  These  safety  distance  regulations  have  their 
roots  in  those  times,  when  explosions  actually  happened  frequently.  They 
are  generally  designed  so  that  in  case  of  an  explosion  the  damage  in  the 
surroundings  would  only  be  very  small.  Usually,  they  do  not  explicitly 
account  for  the  probability  of  explosions,  for  instance  in  the  storage  of 
explosives  where,  today,  we  have  every  reason  to  believe  in  the  low  pro¬ 
bability  of  accidents.  On  the  other  hand,  those  in  charge  often  do  not 
hesitate  to  believe  that  the  probability  of  events  is  very  low  and 
"nothing  can  happen*  when  the  circumstances  do  not  allow  to  follow  the 
regulations  and  waivers  have  to  be  approved,  or  in  manufacturing  plants 
where  the  personnel  actually  has  to  work  with  explosives.  Likewise,  air¬ 
craft,  buildings  etc.,  and  even  nuclear  power  plants  have  always  been 
said  to  be  safe  only  because  of  the  very  low  probability  of  a  major 
accident. 

Regulations  in  explosives  and  ammunition  handling  and  storing  which  are 
based  on  the  limitation  of  consequences,  usually  result  in  safe,  i.e. 
low-risk  installations.  But  this  attitude  often  leads  to  an  extensive 
land  use  and  high  cost.  Moreover,  installations  requiring  large  safety 
distances  can  no  longer  be  built  in  densely  populated  areas. 

In  Switzerland,  with  its  limited  land  resources  and  where  the  financial 
means  are  limited  as  well  as  in  all  other  countries,  we  were  forced  to 
apply  a  more  flexible  instrument  for  the  evaluation  of  the  safety  of  in¬ 
stallations  for  the  manufacturing  and  storage  of  ammunition  and  explo¬ 
sives.  According  to  the  explosive  safety  regulations  for  the  Swiss  Fede¬ 
ral  Armament  Industry,  a  quantitative  risk  analysis  has  to  be  performed 
for  the  safety  evaluation  of  each  new  operation,  manufacturing  plant, 
building  or  storage  facility.  Similar  regulations,  also  based  on  the  risk 
concept,  have  been  used  for  more  than  15  years  in  the  ammunition  storage 
of  the  Swiss  army.  Today,  quantitative  risk  analyses  have  become  success¬ 
fully  applied  routine  work. 


I  do  not  intend  to  explain  the  methodology  of  risk  analysis  in  detail 
(for  the  methodology  of  safety  analyses  see  Ref.  1-6).  However,  I  would 
like  to  point  out  again  the  advantages  of  this  method  (Figure  1): 


1.  thinking  quantitively 

2.  risk  thinking,  i.e.  measuring  the  danger  to  persons  or  material 
values  in  terms  of  actual  risks  and 

3.  cost/effectiveness  thinking 

It  is  generally  accepted  today  that  “risk*  has  to  be  a  function  of  the 
possible  consequences  C  as  well  as  the  probability  P  of  an  accident,  here 
presented  simplified  as  their  product  (Figure  2).  The  two  factors  are  of 
the  same  significance.  This  means  that  when  risk  analyses  are  performed 
for  a  certain  situation,  we  must  not  only  quantify  possible  consequences, 
but  also  their  probability.  8ut  if  we  actually  try  to  quantify  the  terms 
C  and  P,  we  realize  soon  that  we  are  confronted  with  two  entirely  differ¬ 
ent  problems. 

Today,  we  find  quite  a  lot  of  information  for  quantifying  the  conse¬ 
quences  of  an  explosion,  based  on  theoretical  studies  and  a  large  number 
of  experiments  winch  have  been  performed  in  the  last  twenty  years.  As  an 
example  «ur  firm  developed  a  computer  program  -  called  EXPLORISK  -  which 
allows  tc  calculate  the  consequences  of  an  explosion  in  any  type  of  ammu¬ 
nition  magazine  in  detail,  according  to  the  above  mentioned  Swiss  regula¬ 
tions  (Ref.  7).  If  mere  information  on  a  specific  problem  is  needed, 
there  are  tools  and  experience  to  perform  appropriate  additional  tests. 

In  contrast  to  the  quantification  of  the  consequences,  we  can  run  into 
big  problems  when  we  try  to  quantify  probabilities.  How,  for  instance, 
can  we  find  out  the  probability  of  an  explosion  in  a  dynamite  storage 
facility?  Cr  the  orobability  of  a  melt-loading  facility  to  oe  involved  in 
a  major  accident?  We  cannot  even  think  of  a  test  to  find  this  out! 
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2.  HOW  TO  QUANTIFY  PROBABILITIES 

When  we  talk  about  probabilities  of  explosions  in  the  field  of  explosives 
and  ammunition,  we  should  keep  two  issues  in  mind: 

1.  Probabilities  of  explosions  vary  within  a  wide  range  (Figure  3). 
While  explosions  occur  relatively  often  during,  e.g.,  the  pressing 
process  of  le'ad  azide,  explosions  in  a  TNT  storage  magazine  surely 
belong  to  the  very  improbable  events.  Between  these  two  extremes, 
there  are  many  orders  of  magnitude. 

2.  From  this  fact  we  can  deduct  that  it  is  obviously  not  suitable  to 
distinguish  just  between  dangerous  and  less  dangerous  activities,  but 
to  calibrate  the  dangerous  activities  as  accurately  as  possible. 

New,  how  can  probabilities  of  explosions  be  determined?  I  think  that 
there  are  basically  three  possible  approaches  (Figure  4): 

1.  empirical  /statistical  approach 

2.  analytical/theoretical  approach 

3.  subjective/intuitive  approach 

Today,  the  empirical  determination  of  event  probabilities  by  means  of 
evaluating  statistical  data  is  widely  used  in  the  field  of  safety.  In  the 
case  of  high  probabilities  this  normally  presents  no  problems,  as  there 
are  often  sufficient  data  available.  For  example,  it  is  usually  easy  to 
determine  the  probability  of  explosions  during  the  pressing  of  primary 
explosives  with  the  data  which  is  available  at  the  respective  manufactur¬ 
ing  plant.  However,  it  is  far  more  difficult  to  determine  the  probability 
of  rare  accidents.  Here,  there  often  exists  no  or  little  reliable  infor¬ 
mation  from  within  the  actual  field  of  experience.  In  such  cases  the 
field  of  experience  has  to  be  enlarged,  for  example  from  the  level  of  one 
facility  to  the  system  of  all  national  manufacturing  plants,  maybe  even 
to  worldwide  installations.  In  the  evaluation  of  the  overall  probabili¬ 
ties  of  explosions  in  ammunition  magazines  of  the  Swiss  Army,  e.g.,  we 
have  not  only  considered  our  own  national  data,  but  also  those  which  were 
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available  from  other  western  countries.  Of  course,  questions  arise  such 
as:  have  we  considered  all  relevant  accidents,  have  we  correctly  assessed 
the  number  of  installations  to  which  the  data  sample  refers,  can  these 
installations  be  compared  with  respect  to  the  frequency  of  accidents,  and 
so  on. 

There  is  no  generally  acceptable  recipe,  but  our  experience  shows  that 
such  estimates  often  give  plausible  results  which  can  be  verified.  The 
main  pre-requisite  for  an  empirical  evaluation  of  event  probabilities  is 
to  dispose  of  suitable  accident  statistics.  In  the  next  chapter,  I  shall 
come  back  to  this  point. 

In  the  analytical  approach  event  probabilities  are  deduced  by  means  of 
physical  or  mathematical  models.  Fault-tree  analysis  is  the  most  widely 
used  method.  It  splits  a  hypothetical  event  up  into  basic  events,  until 
their  probability  can  be  determined.  Of  course,  the  ->nput  of  a  fault  tree 
analysis  is  based  on  empirical  data  such  as  failure  rates  or  even  sub¬ 
jective  estimates.  One  of  the  disadvantages  is  that  errors  in  the  partial 
probabilities  can  easily  sum  up  so  that,  as  a  rule,  the  calibrating  of 
the  results  against  a  more  comprehensive  system  becomes  necessary.  On  the 
other  hand,  the  analytical  investigation  of  a  problem  is  often  the  best 
way  to  plan  adequate  measures  as  it  clearly  shows  the  possibly  critical 
elements  in  a  system.  Let  me  give  you  two  examples: 

-  More  than  IS  years  ago,  when  we  started  to  perform  risk  analyses  for 
ammunition  magazines,  we  asked  ourselves  about  the  basic  causes  for 
major  explosions  in  underground  ammunition  magazines.  Detailed  analy¬ 
tical  examinations  led  to  the  conclusion  that  approx.  80  X  of  all 
major  accidents  start  with  a  fire,  e.g.  of  packing  material  or  powder. 
This  is  the  reason  why  we  still  equip  all  our  underground  ammunition 
magazines  with  fire  detection  and  an  automatic  fire  extinguisning 
system. 

-  Explosives  and  ammunition  transports  between  an  important  manufactur¬ 
ing  plant  in  Switzerland  and  its  storage  area  cross  a  main  road  which 
was  one  of  the  most  important  transit  routes  from  southern  to  northern 
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Europe  (Figure  5).  The  government  found  this  situation  intolerable  and 
decided  to  invest  about  7  million  Swiss  Francs  (5  million  US  dollars) 
for  the  construction  of  an  underground  passage.  Honey  being  scarce  in 
Switzerland  as  anywhere  else,  we  have  been  contracted  to  study  cheaper 
alternatives.  Analytical  in-depth  investigations  of  the  probable  se¬ 
quence  of  events  and  their  causes  showed  that  it  was  possible  to  re¬ 
duce  the  original  risks  by  a  factor  of  almost  10  at  a  cost  of  only  a 
few  hundred  thousand  Francs.  It  could  be  proven  unaistakenly  that  a 
considerably  smaller  risk  reduction  would  have  been  achieved  by  the 
previously  planned  measures,  which  were  almost  20  times  more  expen¬ 
sive. 

The  third  approach  to  assess  the  event  probabilities,  the  subjective  or 
intuitive  evaluation  is  often  not  considered  as  scientific  and  therefore 
not  serious,  or  it  is  simply  forgotten.  In  practice  this  approach  means 
that  event  probabilities  can  be  estimated,  by  experts  who  know  about  the 
conditions  and  circumstances  of  an  activitiy,  the  sensitivity  of  mate¬ 
rials,  etc.  This  is  called  an  educated  guess  (Ref.  8).  If  you  have  a 
group  of  experts  for  solving  a  problem,  you  can  also  use  the  more  sophis¬ 
ticated  Delphi  method  (Ref.  9).  Quite  often  this  approach  is  the  only  way 
to  get  a  suitable  result  when  there  are  no  handy  statistical  data  or  no 
time  for  an  analytical  investigation. 

These  are  the  three  principle  possibilities  to  assess  event  probabil  i tics 
(Figure  6).  If  we  look  at  what  we  usually  do  when  we  estimate  probabili¬ 
ties,  we  will  see  that  in  most  cases  we  use  a  mixture  of  th^sa  three 
approaches.  We  start  with  some  incomplete  or  limited  statistical  data, 
adjust  them  to  uu"-  problem  by  a  subjective  or  intuitive  interpretation, 
combine  this  information  by  means  of  certain  mathematical  rules  -  and 
there  we  are! 

Take  an  example:  What  is  the  probability  of  an  explosion  of  100  tons  o' 
dynamite  stored  in  an  igloo  naoazine?  Let’s  try  the  intuitive  guess 
first,  before,  we  are  influenced  by  other  approaches. 

Nobody  will  know  the  exact  answer.  But  actually  we  often  know  intuitively 
mnre  than  we  are  aware  of.  We  know  for  sure  that  it  is  not  once  3  year, 
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nor  once  in  ten  years  and  even  once  in  300  years  would  probably  be  the 
upper  limit  for  most  of  us.  Thus,  if  anything  more  frequent  than  once  in 
several  100  years  or,  in  other  words,  an  event  probability  of  lC~3/year 
or  higher  results  from  our  statistical  or  analytical  investigation,  we 
should  be  suspicious. 

This  kind  of  check  of  calculated  result  by  common  sense  is  something 
which  I  think  should  be  done  and  trained,  anyhow.  And  the  last  question 
of  any  analysis  or  investigation  should  always  be:  Ooes  this  make  sense? 

let's  now  try  the  empirical,  statistical  or  global  approach.  Maybe  you 
think  that’s  hopeless:  we  don't  have  any  readily  available  statistics  for 
explosions  of  dynamite  storages,  let  me  now  give  you  the  following  facts 
which  are  not  too  complicated  to  get  (Figure  7): 

In  Western  Europe  and  Canada  we  have  a  production  of  approximately 
200’OOG  tons  of  dynamite  per  year.  Every  ton  of  dynamite  is,  on  an  aver¬ 
age,  lying  about  1/10  of  a  year  in  a  storage,  waiting  to  be  delivered  to 
the  customers.  We  found  that  in  a  period  of  about  20  years  there  were 
around  50  major  accidents,  all  of  them  in  production  and  none  in  stor¬ 
ing.  (Note  that  "no  event"  is  also  a  statistical  information.)  From  these 
facts  we  assumed  that  an  accident  in  storing  of  dynamite  has,  as  j  con¬ 
servative  assumption,  a  return  period  of  around  40  years  which  leads,  on 
the  average,  to  a  probability  about  100  times  lower  than  in  manufacturing 
(Figure  8). 

From  these  figures  we  deduced: 

Probability  of  a  major  accident  in  the  lifetime  of  1  t  of  dynamite 

during  production  50/20  x  200'000  ■  1  •  10*5 

during  storing  1  *  10-5/100  =  1  **10*^ 

Probability  of  a  major  accident  in  a  dynamite  storage  with  a  capacity 
of  100  tons  (filled  up  100  X  of  year) 

P  dynamite  mag  100  t  =  1  •  10"  ^  x  10  x  100 

-  1  •  10* 4  /  year 


The  last  approach,  the  analytical  one,  would  attack  the  problem  still 
from  another  side.  Without  going  into  details  let  me  just  indicate  that 
here  we  would  have  to  ask  about  the  possible  causes  of  an  explosion  in 
such  a  storage.  From  these  different  causes,  their  probabilities  to  occur 
and  to  cause  an  explosion,  we  can  estimate  the  overall  probability  of  an 
explosion  in  the  storage. 

This  last  approach  is  surely  the  most  complicated  one,  but  its  advantage 
is  on  the  other  hand  that  we  learn  much  more  about  our  system  than  with  a 
statistical  or  even  intuitive  approach. 

Perhaps  you  have  expected  a  precise  mathematical  formula,  or  a  physical 
model  to  determine  explosion  event  probabilities.  Perhaps  you  find  this 
procedure  a  bit  homemade.  3ut  in  fact  it  is  the  only  sensible  way  to 
establish  probabilities.  We  know  that  we  are  not  very  sophisticated  and 
very  precise  in  every  case,  but  this  is  no  reason  for  us  to  solve  safety 
problems  as  if  there  were  no  event  probabilities. 

Let's  leave  this  example  now.  I  hope  that  you  got  a  feeling  that  we  real¬ 
ly  came  frem  quite  different  sides  and  with  quite  different  questions  to¬ 
ward  the  probability  we  were  looking  for. 


3.  TOOLS 

Let  me  now  explain  two  tools  which  are  of  great  help  in  dealing  with 
event  probabilities: 

The  first  cne  which  we  call  "Basic  Frequency  Rats  System"  is  a  table 
containing  activities  with  dangerous  gooi-s  listed  against  the  so-called 
basic  frequency  rate.  This  is  the  p^obab '  1  i ty  of  an  event  or,  more  pre¬ 
cisely,  the  frequency  rate  Fe  of  its  occurrence  when  one  would  uninter¬ 
ruptedly  carry  out  a  certain  activity  Curing  a  whole  year  (8766  hours) 
(Figure  9).  The  actual  probability  per  year  of  an  event  e  can  be 
establ  ished  by  simply  multiplying  it  with  t.‘ o  actual  production  hours  te 


In  Figures  10  and  11  an  actual  and  a  simplified  frequency  rate  table  is 
presented.  The  fitting  in  of  activities  with  dangerous  goods  into  our 
basic  frequency  rate  table  has  been  established  in  the  following  way: 
some  information  has  been  taken  from  the  accident  statistics  of  the  Swiss 
ammunition  factories,  other  data  has  been  found  by  global  empirical  con¬ 
siderations  end  others  by  means  of  analytical  investigations.  Hany  basic 
frequency  rates,  however,  have  been  determined  by  a  group  of  explosives 
experts  in  tha  subjective  or  intuitive  approach  I  was  talking  about  be¬ 
fore.  In  this  sense  it  represents  a  consensus  among  experts. 

This  Basic  Frequency  Rate  System  offers  the  advantage  of  making  it  pos¬ 
sible  to  consistently  classify  dangerous  activities.  A  consistent  classi¬ 
fication  is  often  more  important  than  absolute  values  when  adequate  safe¬ 
ty  measures  have  to  be  elaborated.  Moreover,  this  system  prevents  gross 
misinterpretations  and  allows  to  incorporate  new  activities  into  the  list 
so  that  they  are  easy  to  calibrate.  There  is  a  certain  disadvantage  inas¬ 
much  as  a  basic  probability  system  cannot  be  applied  universally,  as  it 
is  often  tailor-made  for  specific  conditions  such  as  manufacturing  pro¬ 
cesses  or  general  safety  levels  in  a  country  or  in  a  company.  It  goes 
without  saying  that  it  does  not  give  any  information  on  the  cause  of  an 
event. 

We  have  used  -  and  continuously  improved  -  this  Basic  Frequency  Rate  Sys¬ 
tem  for  many  years  in  risk  analyses  for  entire  factories  and  it  was  found 
to  be  very  effective  and  practical. 

The  second  vital  tool  for  the  assessment  of  event  probabilities  are 
statistics  of  explosion  events.  In  fact,  in  many  countries  statistics 
about  explosions  are  kept  in  one  or  the  other  way.  But  several  years  ago 
we  realized  that  neither  in  Switzerland  nor  probably  in  other  countries 
specially  designed,  easily  accessible  worldwide  explosion  event  statis¬ 
tics  exist  for  risk  analysts  who  have  to  determine  event  probabilities 
and  also  explosion  effects.  For  this  reason  we  have  started  some  years 
ago  to  collect  reports  of  explosion  and  fire  accidents  in  this  field  and 
to  evaluate  them  in  a  way  suitable  for  risk  analysts. 
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The  number  of  these  reports  {several  thousands  by  now)  has  become  so  big 
that  an  evaluation  by  hand  is  no  longer  possible.  We  have  started  to  de¬ 
velop  a  special  computer  program  called  EXPLC57AT,  wherein  every  accident 
is  evaluated  according  to  a  given  pattern,  containing  the  following  data 
(Figure  12): 

-  General  information,  i.e. 

.  Date 
.  Time 
.  Country 
.  Place 
.  Company 


-  Event  Data  such  us 

.  Exact  location  of  the  event 
.  Activity  preceding  the  event 
.  Involved  substances 
Type  of  reaction 
.  Amount  of  involved  substance 
Cause  of  event 

-  Damage  to  Persons,  such  as 

.  Number  of  deaths 
.  Number  of  injured  persons 

-  Damage  to  Material,  i.e. 

.  Total  amount  of  loss 
Range  of  window  breakage 
.  Range  of  debris  throw 
.  Crater  dimensions 
Propagation 

A  complete  list  of  this  data  is  given  in  Figure  13.  The  classification  of 
the  data  is  made  by  a  code.  Figures  14  and  13  give  an  example.  This 
system  makes  it  possible  to  answer  almost  any  question  with  very  little 
effort,  ■,  rh  as  "How  many  accioer.ts  are  known  in  toe  USA  during  the  melt¬ 
ing  and  casting  process  of  TNT  between  1970  and  1330?"  Several  hundred 
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accidents  have  already  been  evaluated  and  implemented.  Of  course,  we  are 
fully  aware  that  there  is  still  a  lot  of  work  to  do,  but  we  are  sure  that 
this  instrument  will  be  of  very  big  help,  indeed. 


4.  CONCLUDING  REMARKS 

I  hope  that  I  have  been  able  to  show  you  what  basic  approaches  exist  for 
the  determination  of  explosion  event  probabilities.  Morover,  I  have  des¬ 
cribed  two  tools  which  are  handy  when  it  comes  to  practical  work. 

Let  me  finish  with  two  concluding  remarks: 

-  We  believe  that  we  can  no  longer  afford  to  guarantee  the  safety  in  the 
field  of  explosives  and  ammunition  by  limiting  the  consequences  only, 
for  instance  by  means  of  safety  distances.  Therefore,  if  we  want  to 
make  use  of  the  available  financial  means  in  the  best  possible  way,  we 
have  to  carry  on  with  explicitly  considering  probabilities  in  our 
safety  evaluations.  As  in  other  technical  fields,  where  low  probabili¬ 
ties  are  the  most  important  safety  guarantee. 

-  Today,  there  are  means  of  establishing  probabilities  of  rare  acci¬ 
dents.  One  might  refuse  to  believe  this,  and  argue  that  an  "exact"  de¬ 
termination  is  not  possible.  Whatever  is  meant  by  "exact* ,  it  is  my 
personal  conviction  that  it  is  almost  always  possible  to  assess  the 
probability  accurately  enough,  which  means  that  the  result  will  be 
within  the  right  order  of  magnitude.  Nobody  will  expect  that  you 
assess  the  probability  of  an  explosion  up  to  three  digits  after  the 
point.  Here,  as  in  other  things,  the  phrase  applies:  "It’s  better  to 

be  roughly  right  than  exactly  wrong"!  I 

! 
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1.  Thinking  Quantitatively 

2.  Measuring  the  Ganger  in 
Terms  of  Actual  Risks 

3.  Thinking  in  Terms  of  C^st  / 
Effectiveness 
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(simplified) 


P  =  Probability  of  an  Accident 


C  =  Consequences  of  an  Accident 
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"Taetl oal  Missiles"  Product  Ion  Facilities 


apply lr,a  the  French  "Explosive  Safety*  concepts 

•0* 

ABSTRACT 

The  principles  on  which  the  Explosive  Safety  is  based  in  France  wore  presented 
during  the  22nd  E.S.S.  in  1926.  The  aim  of  this  Paper  is  to  show  the  concrete 
application  of  the  Explosive  Safety  regulations,  within  the  context  of  the 
fabrication  of  tactical  missiles,  with  the  steps  taken  to  perforn  the  industrial 
operations,  while  guaranteeing  a  high  safety  level  for  the  operators,  as  well  as 
for  the  environment. 

The  method  that  enabled  the  general  regulations  to  be  applied  to  the  particular 
activity  of  the  missiles,  to  design  and  layout  the  missiles  Integration 
buildings,  is  described. 

A  detailed  example  is  given  of  a  modern  workshop,  permitting  the  mass  production 
of  a  surface-to-air  missile,  with  a  maximum  safety  level  for  the  personnel  and 
the  environment. 
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1. 


-  IITTPC3CCTI0S 


The  principles  on  which  the  explosive  safety  are  based  in  France  were 
presented  during  the  22nd  Explosive  Safety  Seminar  by  Engineer  General  AMIABLE 
who  gave  the  viewpoint  of  the  French  official  authorities,  and  by  Mr  RAT  who 
expressed  the  opinions  of  explosives,  powders  and  propellant  manufacturers. 

The  same  explosive  safety  regulation  is  applicable  to  the  whole  of  French 
industry  involved  in  tne  production  of  explosive  products  and  items.  But  the 
evidence  points  to  the  fact  that  problems  met  with  in  the  course  of  industrial 
activity  in  this  area,  whether  at  hazard  or  accident  probability  level,  are 
rather  different.  Each  manufacturer  must  therefore  analyse  his  own  specific  case 
with  regard  to  those  major  principles  detailed  in  the  safety  regulations  and 
then  define  the  means  he  must  implement  to  comply  with  them. 

At  HATHA,  missile  assembly  in  conditions  assuring  the  safety  of  production 
personnel  and  the  environment  is  undertaken  in  strict  compliance  with  the 
regulation  in  force  since  1980  when  designing  and  implementing  the  required 
production  facilities,  and  when  setting  the  operating  rules  in  order  to  Justify 
its  decisions  with  the  official  agencies. 

The  facilities  described  hereafter  enable  us  to  ensure  a  high  safety 
level.  Due  to  their  innovative  design,  representatives  of  our  various  industrial 
partners,  that  is  to  say,  our  cooperants  and  custoir^rs,  often  ask  to  visit  them. 


2.  -  BEaiHora  cu  tks  gniggrpys  eg  tks  fsehch  regclatigh  for  explosive  safety 
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The  French  regulation  is  baaed  on  the  requirement  for  the  establishment 
manager  tc  conduct  a  safety  analysis. 

The  goals  of  tha  analysis  are  : 

•  To  detect  all  the  possibilities  of  explosive  accidents, 

-  To  establish  the  type  and  importance  of  the  risks  incurred  by  thi 
personnel  in  each  case, 

-  To  determine  the  steps  to  be  taken  to  avoid  accidents  and  to  limit  their 
effects . 

During  preparation  of  the  safety  analysis  it  will  be  necessary  to 

determine  : 

-  The  classification  of  explosive  materials  or  items  in  the  appropriate 
risk  class. 

-  The  hazard  zones  (Zi)  resulting  from  the  presence  of  a  quantity  of 
explosive  materials  or  items  taking  account  : 

-  Of  the  specific  explosive  preparties  in  their  implementation 
conditions, 

-  Of  existing  conditior.3  likely  to  change  the  hazard. 

-  The  eotimuted  accident  probability  (PJJ. 

The  impact  on  personnel,  facilities  and  the  environment  must  be  checked  by 
means  of  theae  factors. 


596 


The  above  points  are  at  the  core  of  French  thinking  with  respect  to 
explosive  safety.  They  are  often  cited  under  the  form  Zi/PJ/ak  which  represents 
the  criteria  :  hazard  zones  (Zi),  accident  probability  (PJ) ,  and  the  layout 
rules  for  the  facilities  (ak)  (see  annex  1). 

The  safety  analysis  mu3t  be  carried  out  prior  to  any  new  activity, 
construction  of  buildings  or  modification  of  workplaces  likely  to  have  an  impact 
on  personnel  safety. 


An  extremely  rigorous  in-depth  approach  is  necessary  to  meet  these 
different  goals. 

The  result  allows  the  manufacturer  to  organize  his  plant  so  as  : 

-  to  expose  personnel  only  to  a  strictly  minimal  risk  after  taking  all 
necessary  steps  to  avoid  that  risk,  and 

-  to  reduce,  if  not  prevent,  accident  propagation. 

One  fundamental  point  of  the  spirit  of  the  safety  regulation  consists  also 
in  not  limiting  safety  matters  to  a  restricted  circle  of  informed  persons  but  to 
heighten  the  awareness  and  involvement  of  all  personnel  concerned  with  safety  to 
the  level  of  a  basic  principle.  So  all  persons  involved  are  informed  regarding 
any  remaining  risks  deemed  acceptable. 

Lastly,  safety  analysis  approval  by  the  administration  department 
responsible  for  the  workplace  and  the  environment  facilitates  a  positive  dialog, 
together  with  a  further  examination  by  an  agency  which  is  not  directly  linked 
with  th®  working  of  the  establishment. 
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3.  -  APPLICATION  C?  THE  SAFETY  REGULATION  TO  TACTICAL  MISSILE  ASSEMBLY 

OPERATION 

In  general,  MATRA  missiles  essentially  consist  of  the  following  explosive 
units  : 

-  a  warhead, 

-  a  safety  and  arming  unit, 

-  a  rocket  motor  igniter, 

-  a  solid  rocket  motor. 

The  principal  phases  encountered  during  missile  manufacture  are  : 

-  The  assembly  and  testing  of  non  explosive  equipment, 

-  the  assembly  of  the  complete  operational  missile, 

-  missile  testing,  and 

-  missile  packaging  and  containerisation. 

Of  course,  some  related  operations,  such  as  transportation,  handling  and 
storage  also  require  logistic  facilities. 

All  types  of  hazards  inherent  in  the  following  unit3  must  be  taken  into 
account  when  defining  missile  production  facilities  : 

-  warhead  :  hazards  due  to  the  detonation  and  the  projection  of  fragments, 

-  rocket  motcr  :  ciainly  hazards  of  thermal  origin  characterized  by  a  brief 
jet  of  flame  in  one  direction, 

-  warhead  or  rocket  motor  ignition  devices  :  are  often  a  small  hazard,  but 
he/e  enhanced  sensitivity  and  arc  therefore  generally  provided  with 
effective  safety  barriers. 


Lastly,  account  should  be  taken  of  rocket  motor  behavior  in  the  event  of 
accidental  warhead  detonation,  notably  to  deduce  the  missile  ThT  equivalent 
mass. 

Before  the  present  regulation  became  applicable,  missile  assembly 
operations  were  conducted  in  buildings  comprising  3  main  rooms  : 

-  1  non  explosive  units  assembly  room, 

-  1  missile  assembly  workshop  where  work  was  conducted  on  an  assembly 
line  basis, 

-  1  test  room. 

The  application  in  1980  of  the  new  regulation  controlling  explosive  safety 
and  the  fundamental  principle  : 

"Buildings  must  be  designed  and  built  in  a  manner  such  that  an 
explosive  accident  shall  not  generate  a  major  risk  for  persons  other 
than  those  who,  due  to  their  work,  mu3t  remain  exposed  to  the  possible 
effects  of  a  potential  accident", 

illustrated  by  the  2i/PJ/ak  triptyque  previously  mentioned,  has  led  us  to  review 
the  general  design  and  layout  of  our  explosive  production  buildings. 

3-1.  -Determination  of  risk  levels 

The  first  criteria  we  had  to  fix  were  therefore  the  risk  levels 
presented  by  the  explosive  assembly  operations  on  our  missiles. 

'.11  these  operational  phases  take  place  with  the  warhead  present,  except 
where  otherwise  specified. 

If  the  level  of  "risk"  is  considered  to  be  the  result  of  a  "hazard" 
multiplied  by  the  "occurrence  probability",  we  can  assume  that  the  greatest 
hazard  is  always  the  possibility  of  a  warhead  exploding. 


Three  occurrence  probability  classes  have  been  chosen,  based  on  the 
administration's  instructions.  Thus,  the  risks  incurred  in  the  course  of  missile 
assembly  may  be  grouped  at  three  levels  : 

-  Level  1  -  Extremely  rare  : 

Risk  related  to  missile  storage  and  handling  operations. 

-  Level  2  -  Very  rare  : 

Risk  related  to  missile  assembly  operations. 

-  Level  3  -  Rare  : 

Risk  related  to  complete  round  missile  test  operations. 

It  must  be  stated  that  as  regards  our  own  industrial  experience,  no 
accident  has  ever  occurred  during  missile  production  at  MATRA'3  missile 
facilities.  We  would  therefore  imagine  that  these  three  risk  probability  levels 
are  extremely  severe. 

3.2.  -  Transcribing  these  risk  levels  Into  general  layout  principles  for 

aeaenbly  buildings 

The  goal3  assigned  to  the  buildings  are  designed  to  ensure  : 

-  personnel  protection, 

-  environment  protection, 

-  work  tool  preservation. 

For  this,  3  basic  principles  must  bs  satisfied  : 

1*)  Maximum  risk  reparation, 

2°)  Directing  the  effects  of  an  explosion  in  a  specific  direction, 
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3*)  Matching  every  room  to  the  risk  level  of  operations  performed  in  it  : 

-  Level  1  -  Extremely  rare  (PI) 

The  buildings  (or  rooms)  are  constructed  without  any  special 
constraints  at  roof  or  wall  level,  apart  from  avoiding  detonation  by 
propagation  from  one  room  to  another. 

-  Level  2  -  Very  rare  (P2) 

This  risk  level  requires  work  stations  to  be  partitioned  off  into 
separate  work  cells  so  as  to  limit  the  permanent  staff  in  each  wo»*k 
cell  to  two,  three  or  occasionally  four  persons. 

These  work  cells  are  si2ed  so  that  an  explosion  in  one  of  them  will 
not  cause  any  serious  bodily  harm  in  adjacent  cells.  They  have  a 
concrete  roof  and  wall3  reinforced  with  steel  rods. 

-  Level  3  -  Rare  (P3) 

This  risk  level  requires  working  without  exposure  to  hazard. 

If  the  room  is  contained  within  the  main  building  it  has  a  concrete 
roof  and  wall3  like  a  single  work  cell. 


-  Description  of  a  at33lle  assembly  building  according  to  these  principles 
( jee  annex  2) 

ROOM  1  -  Inert  section 

This  is  che  non-explosive  part  of  the  building 

-  electronic  equipment  assembly, 

-  workshop  foreman's  office. 
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The  roofing  is  in  concrete  or  metal 


The  roofing  is  in  concrete  or  metal  frame,  depending  on  the  over-pressure 
loading  which  may  result  from  the  potential  seat  of  explosion  (rooms  2  to  5). 

A  metal  frame  with  a  steel  mesh  under  the  roof  generally  suffices  to 
prevent  roof  parts  or  other  projections  from  falling  into  these  rooms  in  case  of 
accident. 

ROOM  2  -  Assembly  and  tests  explosive  section 

There  is  only  a  single  missile  at  a  time  in  these  cells  : 

-  During  assembly,  2  operators, 

-  During  testing,  no  operator  present.  Testing  is  conducted  from  the 
inert  7.or.e  or  a  neighbouring  ceil. 

The  cell  structure  consists  of  3  blast  walls  and  a  strong  concrete  slab 
and  ceiling.  These  5  facings  are  very  strongly  interconnected  by  a  steel  lacing 
(angle  plate  to  avoid  stressing).  A  heavy  door  is  provided  to  resist  an 
accidental  explosion  inside  the  cell.  The  4fc‘-  wall  is  a  blow  out  wail  giving 
vnto  a  barricade  in  order  to  protect  against  projections. 


In  case  cf  an  explosion,  only  the  blow  out  wall  is  destroyed  and  fragments 
are  ejected  towards  thi3  wall  by  the  external  walls  which  extend  a3  far  a3  the 
middle  of  the  barricade. 


The  back-pressure  wave  on  the  neighbouring  cell  doe3  not  demolish  the 
adjoining  blew  out  wall  ;  personnel  working  in  it  are  therefore  not  likely  to 
sustain  injury  by  the  accident.  The  blow  out  walls  act  like  electrical  diodes  in 
that  thev  are  : 


-  destroyed  on  internal  c\erpressure, 

-  but  will  resist  if  there  is  an  external  overpressure. 


fcgnraiww  < m  itttw—w mn wnm,r''W¥'W ■wroi! 


N°10 


This  design  allows  all  work  cells  to  be  situated  next  to  one  another 
facing  the  same  direction. 

ROOM  3  -  Daily  magazine 

This  room  is  used  to  3tore  several  warheads  and  rocket  motors  on 
stand-by  for  assembly.  Its  design  is  of  the  igloo  type  and  it  is  located  far 
enough  from  the  main  building  for  an  overpressure  resulting  from  an  accidental 
explosion,  to  be  acceptable  for  the  rest  of  that  building. 

ROOM  4  -  Packaging  and  containerization  room 

It  is  built  with  strong  walls  and  a  light-weight  roof.  In  case  of 
explosion  in  this  room,  the  wall3  and  the  roof  are  destroyed,  but  the  explosion 
does  not  propagate  beyond  the  room. 

Should  an  explosion  occur  outside  this  room,  the  roof  may  be  destroyed 
but  not  the  metal  frame  supporting  it.  The  sheet  metal  is  held  in  place  by  the 
steel  mesh  under-frame  to  avoid  injury  to  personnel  below. 

ROOMS  5  and  5*  -  Corridors 

The  walls  of  these  corridors  are  strong.  They  have  been  calculated  to 
withstand  the  accidental  explosion  of  a  missile.  The  concrete  roofing  is  strong 
in  the  corridor  area  dividing  it  from  the  "inert"  part  (5). 

The  roofing  can  be  in  metal  in  those  corridor  segments  which  are 
further  from  the  "inert"  part  (5'). 

These  corridors  act  as  an  airlock  by  means  of  a  servo  system  for 
opening  the  heavy  cell  doors,  giving  access  to  the  inert  section. 
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EXPLOSIVE  YARD  6 


The  trallors  linking  up  with  the  central  stores  are  loaded  and  unleaded 
in  this  yard,  for  : 

-  bringing  in  crated  warheads  and  rocket  motors, 

-  dispatching  complete  containerized  missiles. 

This  yard  is  an  asphalted  area  surrounded  by  barricades  or  buildings.  It 
is  provided  with  a  chicane  entrance  so  that  all  grazing  fragments  would  be 
stopped  in  the  event  of  explosion. 

3.4.  -  Determination  of  allowable  explosive  Quantity  in  the  rooms 

The  allowable  explosive  quantity  in  the  rooms  mu3t  be  determined  after 
freezing  the  design  and  layout  principles  of  the  buildings.  Two  parameters  must 
be  studied  : 

-  The  room  explosion  resistance  rating,  expressed  in  TNT  equivalent 
mass.  This  value  can  be  either  specific  to  a  program  or  an  overall 
figure  covering  a  missile  family,  and  would  allow  a  utilisation 
flexibility  as  the  programs  advance. 

-  The  weight,  speed  and  energy  characteristics  of  the  burst  fragments 
whion  would  be  projected. 

These  parameters  will  allow  to  analyse  and  set  up  the  various  safety 
measures  needed  to  ensure  the  personnel  and  plant  safety  in  compliance  with  the 
regulation,  notably  : 

-  determination  of  the  characteristics  of  the  explosion-resistant 
walls, 

-  barricade  sizing  and  location, 

-  calculation  of  the  safety  distances  between  different  types  of 
facility. 


3.5.  -  PERSONNEL  PROTSCTICM  FACED  WITH  AN  UNTIMELY  niKCTIOHIKC _  OF  A  RC^XST 

)  MOTOR 

The  tools  used  for  missile  assembly  in  the  assembly  cell  play  an  essential 
part  in  personnel  safety  as  regards  untimely  rocket  motor  ignition. 

Assembly  is  on  a  Jig  connected  to  the  cell  floor.  The  assembly  Jig  is 
designed  to  retain  the  rocket  motor  securely  in  case  of  untimely  ignition.  This 
assumes  that  the  rocket  motors  are  fitted  with  mechanical  devices  with  which 
they  can  oe  attached  to  the  bench.  This  rocket  motor  securing  is  assured 
throughout  P2-  or  P3-type  operations. 

In  addition,  the  assembly  Jig  13  installed  in  the  cell  axis,  closest  to 
the  blow  out  wall  with  the  rocket  motor  nozzle  pointing  towards  the  latter. 

A  prefragilized  diaphragm  has  been  inserted  in  the  blow  cut  wall  in  line  with 
the  rocket  motor  so  that  if  the  rocket  motor  ignites,  all  the  combustion  gases 
are  imnediately  expelled  outside,  without  flame  return  toward  the  operators. 

I  All  these  arrangements  (the  assembly  Jig  and  prefragilized  diaphragm  in 

the  rocket  motor  axis)  protect  th«  operators  most  effectively.  Solely  operator 
hearing  would  be  impaired  in  the  event  of  untimely  rocket  motor  ignition. 


I 
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4  -  ILLUSTRATION  BY  A  REAL  EXAMPLE  OF  A  PRODUCTION  FACILITY  DESIGN  AND 
DSVE'LOPKgNT 


4.1.  -  Definition  of  the  requirement  ar.d  design  of  the  facility 

We  have  designed  some  buildings  for  missile  assembly  and  testing  in  the 
frame  of  a  new  grcund-to-air  tactical  missile  program. 

In  this  case,  each  missile  possesses  : 

•  An  explosive  charge  with  its  safety  and  arming  unit  consisting  of  a 
mechanical  and  electrical  non-alignment  of  the  ignition  train. 

-  A  propulsive  section  C'.*mpri3ing  a  launch  motor  and  a  main  rocket 
motor  which  is  equipped  with  a  safety  ignition  device  based  on  the 
same  principles  as  the  warhead. 

We  have  found  the  minimum  explosive  charge  rating  of  each  room  from  the 
unitary  TNT  equivalent  according  to  the  number  of  missiles  liable  to  be  inside 
the  room  and,  in  case  of  accident,  of  causing  a  mass  detonation.  However,  we 
have  chosen  a  rating  higher  tnan  these  calculated  results  to  avoid  tying  down 
the  use  of  these  rooms  to  this  one  program. 

The  following  rooms  are  required  for  production  of  this  type  of 
missile  ; 

-  Workshops  for  assembly  and  testing  electronic  subassemblies. 

-  A  dlstripution  corridor  acting  as  an  air-lock  between  the  "inert"  part 
of  the  building  and  its  "potential  seat  of  explosion". 

-  A  daily  magazine  intended  for  supplying  parts  to  the  assembly  machines 
rated  at  600  kg  TNT  equivalent.  Detonation  transmission  by  propagation 
between  neighboring  explosive  charges  13  prevented  by  partition  walls 
to  3plit  the  risk. 
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Explosive  assembly  culls  foreseen  for  achieving  assembly  in  manual  and 
automatic  mode3  : 


1°)  Manual  and  test  assembly  cells  rated  at  70  Kg  TNT  equivalent, 
complying  with  the  principles  stated  in  Ch.  3.3  above,  i.e. 
comprising  5  strong  walls,  and  a  blow  out  wall  bearing  cn  two 
posts.  A  fragili2ed  part  in  alignment  with  the  rocket  motor 
allows  the  combustion  gases  resulting  from  an  untimely 
accidental  isnition  of  the  latter  to  be  evacuated.  An  assembly 
Jig  secures  the  missile  in  this  case. 

2°)  Assembly  and  automatic  test  cells  rated  at  15  kg  TNT 
equivalent,  operated  according  to  the  following  principles  : 

-  Automatic  production  chain  procurement  in  explosive  items 
from  the  daily  magazine  previously  mentioned. 

-  Missile  section  transfer  to  the  assembly  machines,  then 
assembly  and  electrical  connection. 

-  Complete  round  ammunition  transfer  to  the  te3t  cell. 

-  Thi3  automatic  facility  is  supervised  by  an  operator  who 
is  protected  from  an  accident  at  any  potential  seat  of 
explosion. 

3®)  An  ammunition  packaging  room  rated  at  140  kg  TNT. 
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|^|  ,  3.2  -  Installation  safety  analysis 

yv*.  •#'»•!•  ,'vf 

j'ili't  Installation  Just  described  allows  any  hazards  inside  the  buildings  to 

pi  controlled  by  the  5  strong  walls  wh.tah  are  calculated  in  accordance  with  the 

|j|  data  given  in  TM5-130O. 

S'  ‘  Isovaver,  in  the  event  of  an  explosion  inside  a  cell  the  blow  out  wall  would 
III  p  '  allow  the  escape  of  a  leak  pressure  that  has  been  calculated  as  a  function  of 
H  the  TkT  equivalent  taken  account  of  for  the  rating.  Knowing  the  areas  submitted 

to  pressure  it  is  then  possible  to  determine  the  structure  of  other  facilities 
|PP .  '  •  ¥hich  risk  being  damaged  by  an  accidental  explosion.  This  construction  principle 

"K  the  reduction  of  overpressures,  especially  at  the  rear  of  the  building, 

•  •  and. thus  to  set  up  those  activities  related  to  the  functioning  of  the  facility 
'  ^ich  regains  subject  to  risk.  Such  a  hazard  may  be  overcome  at  tha  cost  cf  some 
iiaple  Precautions,  such  as  installing  steel  meah  to  avoid  roofing  falling  on 
te|v  .  1  personnel. 


As  regards  fragment  projection,  the  blew  out  wall  faces  a  barricade  and 
r  tha  horizontal  and  vertical  walls  are  extended  to  limit  the  projection  angles. 


fplill  *  Conformity  to  the  fundamental  principle  of  the  safety  regulation 

IQv  '  donoerning  personnel  exposure  to  risk,  i.e.  rule  Zl/PJ/aK,  is  then  checked. 

An  explosion  at  a  potential  seat,  or  donor,  designated  ao,  puts  the  other 
pi ; ' ; ifcies  at  risk,  called  al,  in  a  hazard  zone  Z4  for  a  P3  risk  probability. 
i  v  , TSk is  procedure  proves  to  be  entirely  in  compliance  with  the  french  safety 

"vH$Ulatlofl  (see  table  in  annex  1). 
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In  addition  to  these  steps  designed  to  control  the  effects  of  an  accident, 
tffcefa  are  of  course  other  precaution  for  preventing  stresses,  or  accident 
'escalation  into  the  worst  possible  case.  Vie  specially  note  : 
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yj/jm  Vvi-  ■ , 


-  Building  air  conditioning  (both  temperature  and  relative  humidity), 


-  £qu .potentiality  of  all  conducting  elements, 


-  Conducting  floors, 


\ 

-  Antistatic 
bracelets, 


garments, 


special  conductive  safety  shoes  and  earthing 


-  Firefighting  by  an  automatic  fast  deluge  system  fed  by  two  independent 
water  supplies. 


A .3.  -  Environment  safety 

The  exposure  to  risk  of  the  other  facilities,  workshops,  offices,  etc. 
of  the  plant  shall  fora  the  subject  of  an  analysis  according  to  the  Zi/PJ/ak 
rule. 

Each  risk  donor  will  be  considered  a  potential  seat  of  explosion  ;  the  other 
"active"  or  "inert"  buildings  may  be  installed  if. the  safety  of  personnel  and 
facilities  is  deemed  acceptable. 

For  instance,  missile  production  requires  two  quite  distinct  potential 
seats  of  explosion  :  the  workshops,  such  as  those  previously  presented,  and 
storage  bunkers  which  mainly  consist  of  igloos.  These  two  activities  present  a 
very  different  risk  due  to  their  hazards  and  accident  probability  levels. 

The  safety  analysis  for  determining  building  installation  therefore  takes 
account  of  the  exposure  to  reciprocal  risks  : 

1°)  The  missile  storage  igloos,  potential  seats  of  explosion  (risk 
donors)  designated  ao,  have  a  PI  accident  probability  level. 

The  workshops  (risk  receivers)  designated  a2  installations  (3ee 
annex  1)  may  be  located  In  the  Z2  zone,  which  is -evaluated  according 
to  the  igloo  safety  rating  (function  of  "Q"  kg  and  hazard  class). 
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2°)  Conversely,  the  igloos  are  risk  receivers  designated  a2  of  hazard 
coming  from  the  workshops,  which  then  become  potential  seats  of 
explosion  (risk  donors)  and  have  a  higher  accident  probability  level 
P3.  Thus,  the  igloos  cannot  be  located  in  a  hazard  zone  less  than 
Z3.  The  latter  is  calculated  according  to  the  workshop  explosive 
safety  rating  (function  of  "QM  kg  and  hazard  class). 

This  procedure  is  carried  out  for  all  the  plant  facilities. 

Finally,  depending  on  the  explosive  load  rating  of  the  plant's  various 
potential  seat3  of  explosion,  the  hazard  zones  (Zi)  of  all  the  facilities  are 
drawn  to  show  the  impact  of  an  accidental  explosion  on  the  environment  and,  if 
need  be,  to  enable  adequate  protection  measures  to  be  taken. 

5.  -  CONCLL’SICK 

The  French  regulation  which  defines  the  safety  principles  to  be  satisfied 
during  the  production  of  explosive  materials  or  items  can  be  a  source  cf 
constraint  for  Industrialists.  This  is  specially  true  for  financial  investment, 
which  is  required  both  for  conducting  safety  analyses  a3  for  the  construction 
of  production  facilities. 

The  advantages  however  are  clear.  It  13  almost  impossible  to  manufacture 
weapons  systems  without  hazard.  But  as  we  have  shown,  acceptable  risk  criteria 
can  be  met,  allowing  to  ensure  that  all  possible  risk  avoidance  steps  have  been 
carefully  analysed.  Therefore  an  explosion  hazard  and  its  impacts  can  be 
controlled. 
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ANNEX  1 


Rule  Zi/Pj/ak 
DESIGNATION  Of  HAZARD  ZONES 


Zi 

PERSONAL 

INJURY 

PROPERTY 

DAMAGE 

Zi 

LETHAL  INJURY 

IN  MORS  THmN  50  % 

OF  CASES 

VERY  SEVERE 

DAMAGE 

z2 

SERIOUS  INJURIES 

WHICH  MAY  BE  LETHAL 

SEVERE 

DAMAGE 

Z3 

INJURIES 

MEDIUM 

AND  SLIGHT  DAMAGE 

Z4 

POSSIBILITY  OF 

INJURIES 

SLIGHT  DAMAGE 

Zs 

VERY  LOW 

POSSIBILITY 

OF  SLIGHT  INJURIES 

VERY  SLIGHT 

DAMAGE 

DESIGNATION  OF  CUSSES  OF  PROBABILITY 


Pi 

LEVEL 

EXAMPLE 

Pi 

EXTREMELY 

RARE 

STORAGE  AND  HANDLING 

P2 

VERY  RARE 

ASSEM8LY  OPERATIONS 

P3 

RARE 

COMPLETE  ROUND  MISSILE  TEST 
OPERATIONS 

Pi 

RATHER  FREQUENT 

OPERA  TIONS  ON  VERY  SENSITIVE 

MATERIALS,  PRODUCTION  OF 

PRIMARY  EXPLOSIVES 

PS 

FREQUENT 

MIXING.  COMPRESSION  OF 

PRIMARY  EXPLOSIVES 

3) 


Pg$IG?jATiOrt  OF  INSTALLATIONS  TO  PROTECT 
FROM  QCNOa^io3"" 


1  •  FACimSS  INSIPS  TH£  PLANT 

ai  EXPLOSIVE  FACILITIES  HAVING  TO  BE  LOCATED  NEAR  *io‘ 

32  OTHER  EXPLOSIVE  FACILITIES  AND  INNER  ROADS 
«3  INERT  BUILDINGS 

2.  SOAPS  OUTSiDS  THE PLANT 

bi  TRAFFIC  <  200  VEHIOJLES/DAY 

b2  TRAFFIC  BETWEEN  200  AND  2C00  V£MICULES»DAY 

t>3  Important  traffic  >  2000  vehicules/day 

3.  BUILDINGS  OR  OTHS3  PEACES  OUTSIDE  THE  PLAHT 

Cl  UNINHABITED,  SHORT  PRESENCE 

C2  INH A8I  TED  BY  OK  WITH  PRESENCE  CF  PLAN  X  PERSONNEL 
C3  OTHER  FACILiriFS,  HOUSES, 

C*  GATHERING  PLACES  OF  PEOPLE  :  MARKETS,  SCHOOLS,  HOSPl  f  ALS,  DENSELY  BUILT  UP  AREAS. 


4)  RULES  OF  C0MF03M{TY  "ak/2i/  Pi" 


(x)  presence  •imitea  to  maximum  10  %  of  the  working  time, 
(xx)  no  presence  allowed  except  in  particular  circumstances. 
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SAFETY  DISTANCE  UNDER  BLAST  LOADING 


He  Chenszhi  and  Li  Zheng 

Engineering  Design  and  Research  Institute 
BEIJING,  P.  R.  C. 


ABSTRACT 

In  this  paper,  some  results  of  experimental 
and  theoretical  studies  and  numerical  calculation 
carried  out  in  our  country  for  determination  of 
the  intraiine  safety  distance  under  detonation  of 
explosives  are  presented. 


SAFETY  DISTANCE  UNDER  BLAST  LOADING 


INTRODUCTION 

In  the  processing,  transportation  and  storage  of  industrial  explosives, 
and  in  the  blasting  applications  of  mineral,  railway,  highway  and  hydraulic 
engineering,  we  have  to  meet  the  problem  of  considering  the  building  damage 
and  human  injury  caused  by  airblast  wavos  during  explosion.  Usually  a  build¬ 
ing  must  be  kept  a  certain  distance  away  from  the  explosion  source  for  safe¬ 
ty  measure.  The  safety  distance  to  be  considered,  whether  larger  or  smaller, 
is  not  only  related  to  protection  of  the  life  and  property  of  the  people  and 
the  normal  running  of  production,  but  also  related  to  the  saving  of  land  and 
cost.  Since  the  sixties  some  experiments  and  research  work  i»  this  field  had 
been  started  in  our  country,  a  brief  and  aystematic  description  of  our  work 
are  given  in  this  paper. 

I.  AIRBLAST  LOADING  INDUCED  FROM  DETONATION  OF  EXPLOSIVES 

According  to  the  scaling  law,  the  overpressure  A  P  of  shock  wave  front 
in  standard  air  may  be  expressed  as 

AP  =  K,  (  ^  rn'  —  <D 

and  its  positive  time  duration  nuy  be  expressed  as 

t+  =  Kj  (  )n,C^  -  (2) 

where  AP  —  incident  overpressure  of  shock  wave  front  (kg/cm1) 
t+  —  positive  time  duration  of  overpressure  (ms) 

R  —  distance  from  charge  center  co  point  to  be  measured  (m) 

C  —  blast  energy,  or  weight  of  charge  (kg) 

Ki  ,  I),  ,  K*  and  n*  are  experiential  factors.  Some  values  of  these 
factors  for  different  blast  conditions  from  experimental  or  engineering 
•  data  are  shown  in  Table  1. 

The  P — R/C  curves  for  different  blast  conditions  are  Bhown  in  Figure  1. 

II.  EQUATIONS  OF  SAFETY  DISTANCE  CONSIDERING  POSITIVE  OVERPRESSURE 
TIME  DURATION  AND  DYNAMIC  CHARACTERISTICS  OF  RECEIVER  STRUCTURE 


From  equation  (1),  we  get 


where 


K  = 


Ki  v’/n, 
AP  ' 


—  (3) 

—  (4) 


The  expression  of  equation  (3)  is  widely  used  among  countries.  The 
values  of  X  given  by  some  countries  for  some  different  conditions  are 
shown  in  Table  2. 


From  test  series  of  explosion  ranging  from  0.3  -  100t,  carried  out 
in  our  country,  the  relationships  between  overpressure  and  damage  of 
structure  are  given  in  Table  3«  There  are  two  types  of  structure,  brick 
wail  with  timber  roof  and  brick  wall  with  RC  roof. 


TABLE  I 


Item 

Blast  Condition  Direction 

AP 

t*4 

Range  of 

no  • 

Ki  r.t 

Ki  n2 

Charge  tft. 

i 

Surface  burst 

0-360 

14.49  2.00 

1.50  0.50 

Arbitrary 

(without  earth  barricade) 

0-360* 

17.20  1.82 

1.50  0.50 

Arbitrary 

2 

Surface  burst 

(with  earth  barricade) 

•  o 

0-360 

16.69  2.56 

1.50  0.50 

0.3-ifm 

Explosion  of  ammunition 

0* 

5.49  1.53 

1.32  0.52 

0.5-45t 

X 

within  earthcovered  steel 

90* 

2.22  1.21 

1.79  0.33 

j 

arch  magazine  (2] 

(charge  concentrated) 

180* 

3.43  1.58 

1.32  0.81 

Explosion  of  ammunition 

• 

0 

3.79  1.40 

1.50  0.50 

0.5-1 .Ot 

L 

within  earthcovered  steel 

90° 

0.65  1.05 

2.30  0.49 

arch  magazine  (21 

135* 

0.48  1.02 

3.52  0.16 

(charge  scattered) 

180 

0.76  1.06 

2.53  0.26 

Explosion  of  explosives 

0* 

13.93  1.91 

0.7 2  0.71 

<45t 

5 

within  earthcovered  steel 

90* 

2.76  1.25 

0.76  0.67 

arch  magazine  (31 

180* 

2.20  1.33 

0.73  0.69 

i 

Explosion  of  explosives 

0* 

5.87  1.67 

0.96  0.30 

y  3t 

6 

within  earthcovered  RC 

45] 

3.49  1.23 

0.92  0.74 

lat  roof  storehouse 

90* 

4.55  1;28 

0.65  0.60 

0* 

2.21  1.68 

1.36  0.95 

>  4t 

7 

Blast  within  tunnel 

0.96  1.36 

0.63  1.07 

90 

0.69  1.10 

0.48  0.50 

8 

Blast  for  open  excavation, 
deep  hole  ammonite, HI 

0-360 

0.8-30* 

differential  blast 

1.43  1.55 

simultaneous  blast 

2.03  1.55 

• 
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Remarks  oi  Table  1; 

/  =  1.50  g/cm1  TNT,  unless  otherwise  specified. 

Item  1:  derived  from  Erode  formula  and  Sadovskii  formula. 

Item  2:  a  0.3  -  100t  test  series. 

Item  3:  depth  of  earthcover  O.&Om, 

direction  of  opening  along  0* -  axis. 

Item  4:  same  as  item  3* 

Item  5:  same  as  item  3. 

Item  6:  depth  of  earth  cover  O.^Om,  storehouse  along  hillside, 
0-axis  perpendicular  to  charge  length, 
door  opening  on  90 -axis. 

Item  7:  direction  of  opening  along  0-axis. 

Item  8:  t+=  l.'IO  (R/ctt  )aK 


TaBLS  ? 


Item 

Country  Blast  Condition 


1 

D.  S.  A. 

1.  Explosive  storehouee  with  earth  barricade: 

to  residence 

14-16 

to  passenger  railway 

6.5 

to  highway 

4-6 

to  other  explosive  storehouse 

1.4 

2.  Intraline  distance 

J.55 

2 

F.  a.  G. 

1.  Explosive  storehouse  with  earth  barricade: 

to  factory  building 

2-9-8 

to  building  without  blast  risk 

8-22 

to  residence 

2? 

to  zone  without  damage 

>  22 

2.  Ir.traline  distance 

4 

3 

Japan 

1.  To  urban  residence,  school 

s 

-6  • 

2.  To  village  residence,  garden 

14 

3«  To  railway,  gas  tank,  factory 

3 

4.  To  highway,  high-voltage  wire 

5 

Value  of  K 
imAg5* ) 


TABLE  3 


Damage 

Degree  of 

Description  of 

R=R/C'} 

AP 

Level 

Damage 

Damage 

(ir/kg^  ) 

{ kg/cm* ) 

No  damage  Ho  damage  at  all« 


11 

Glass 

damage 

Glass  damage 
(partial  or  total) 

10-23 

0.09-0.02 

III 

Light 

damage 

Glass  debris,  partial  damage  of 
door  and/or  window  frame,  small 
crack  of  brick  wall  (crack 
widths  5wn),  or  slightly 
inclined,  roofing  tile  lifted 
and  moved. 

6-10 

0.25-0.09 

> 

M 

Medinra 

damage 

Damage  of  dear  and  window, 
large  crack  of  brick  vail 
(crack  width  5-5 Oam),  and 
inclined  (sidesway  slO-IOOmn), 
crack  of  EC  roof,  large  extent 
damage  of  timber  roof. 

A-6 

C. 5-0. 25 

V 

Severe 

damage 

Failure  of  door  and  window, 
severe  crack  of  brick  wall 
(crack  widths  15C®a1 , 
inclined  significantly, 
even  partial  collapse, 
severe  crack  of  RC  roof, 
fallen  timber  roof 

3-5-^ 

0.70-O.*»5 

VI 

Collapse 

Collapse  of  brick  wall, 
fallen  EC  roof 

3.5 

0.70 

> 

Remark:  Damage  conditions  for  damage  levels  (II-VT)  are  shewn  in 
Photos  (1-5). 
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Fr$T,  equation  (**)  we  may  see  that  if  we  take  Xi  ,  n,  as  constants, 
then  the  factor  of  safety  distance,  K,  is  only  related  tOilP.  This  is  not 
an  overall  consideration,  since  two  important  factors  ere  missed  out  of 
equation  (3). 

1.  The  influence  of  positive  time  duration: 

Fcr  the  same  building,  according  to  the  scaling  law,  when  the 
scaled  distance  R=F/C^  is  a  constant  value,  the  overpressures  will  be 
identical,  but  the  positive  time  duration  are  rot  identical,  t+  will 
increacs  with  the  increasing  charge.  From  test  results  we  can  see  that 
when  t+  is  longer  the  structural  damage  is  more  severe,  when  t*  is  shorter 
the  structural  damage  is  less  severe. 

2.  The  influence  of  dynamic  characteristics  of  receiver  structure: 

For  the  same-AP  and  the  same  positive  time  duration  t+,  the 

degree  of  structural  damage  will  be  different  for  structures  of  different 
sizes,  different  materials  or  different  structure  types. 

In  order  these  two  factors  may  be  considered  in  equation(3)»  the 
dynamic  characteristics  of  structure  may  be  represented  by  its  natural 
frequency  (or  period),  and  the  structure  may  be  simplified  as  a  system 
with  one  degree  of  freedom.  The  vibration  equation  of  motion  without 
damping  with  macs  m  and  stiffness  k  may  be  expressed  as 

■y(t)  ♦  ky(t)  «  P(t)  —  (5) 

where  P(*  )=dp[l-(t/0)J,  assuming  the  overpressure  decays  linearly  with 
zero  rise  time,  and  6  is  effective  positive  time  duration.  If  we  take 
displacement  jv  at  the  end  of  the  elastic  stage  to  be  the  initial 
condition  of  the  plastic  stage, and  consider  that  the  structure  usually 
reaches  its  maximum  displacement  at  plastic  siege,  ,  after  the  blast 
load  vanishes,  the  established  relationship  between  the  dynamic  load 
factor  Kp  at  plastic  range  and  the  ductility  ratio  /i=yp/yT  for  a  simply 
supported  structure  is  given  by 


Kf  -  3Kp  ♦  3 


0.79  («e)2 


-]k,  - 


1=0 


Usually  we  use  the  method  of  numerical  integration  to  solve  equation 
(5)*  The  external  lead  and  the  resistance  of  structure  system  are  assumed 
constant  within  a  very  short  time  interval,  at  any  time  t  the  equation 
(5)  *ay  be  expressed  aa 


where  o)  =  1k/a  ,  and  T natural  period  of  structure. 

Response  curves  for  idealized  elastic-plastic  system  with  one  degree 
of  freedom  witnout  damping  under  triangular  impulse  load  with  zero  rise 
time  are  given  in  reference t  ^J. 

The  equivalent  static  lead  imposed  on  a  structure  is 
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Pe  =  KrMP 


—  (8) 


The  deflection  of  structure  under  equivalent  static  load  is 

v  =  _l_fptL*=  _ 'o) 

EJ  EJ 

where  9—  deflection  factor  for  structure  at  elastic  stage,  its  value 
depends  on  boundary  conditions,  e.g.  for  simple  supported  heair.  ^=5/2^ » 
L  —  span  of  structure,  EJ  —  rigidity  of  structure. 

Substituting  equation  (1) ^P=Kt <R/C/J )"n'  int0  equation  (9),  we  get 

R  s  (  Eili4  /"•  R /“  k/"^ 

y  EJ  r 


*MC' 


- (10) 


Kt  fL4  Vn, 

where  **=(-■-}  —  factor  of  structural  characteristics 


y  EJ 
'/n, 


—  factor  of  reflection,  Xr=  2  ♦ 


7  +^P 


H  *  Kp'  1  —  factor  of  positive  time  duration 

Equation  (10)  is  the  general  equation  for  estimating  safety  distance, 
if  the  relative  parameters  of  the  structure,  the  blast  load,  and  ductility 
ratio  (or  damage  criterion)  are  given,  then  the  safety  distance  may  be 
computed. 

The  6/T  and  Ky-6/T  curves  that  we  need  for  investigation  of  safety 
distance  are  shown  in  Figure  2. 

Let  Bi  and  R*  be  the  safety  distances  under  different  conditions, 
then  we  have  u 


Ri  =  *i  |h  ft  Ci 

fi  1*  Cx* 

by  (12)/(11),  we  get 

R.  =  JLl  j£ i  i*.  Jl  c«^ 

C,'*  *<  1i 


—  (11) 
—  (12) 


—  (13) 


Equation  (13)  way  be  used  for  analyzing  model  tests  and  structure  * 
receiving  blast  loads  of  variable  charge  weight. 

For  example,  an  explosion  with  charge  C  =  1000kg,  the  identified 
safety  distance  for  structure  with  brick  wall  and  RG  roof  at  certain 
damage  level  is  AOm  from  test  results,  that  is  R  s^Om.  If  the.  increased 
charge  weight  is  within  the  range  of  1-100t,  <*\  =  for  the  same  structure 
at  same  damage  level,  Pi  =  ?«for  varied  range  of  JiP  with  n(  taken  as  2.56, 
then  equation  (15)  may  be  simplified  as 

‘  R‘  -~(14’  ' 

where  H=l»/li  varies  with  charge  weight,  equation  (1*0  is  a  general 
equation  for  estimating  intraline  distance  of  certain  structure  type, 
and  we  call  it  an  equation  with  variable  coefficient. 
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III.  EVALUATION  OF  INTRALINE  DISTANCE 


The  natural  period,  T,  of  receiver  structure  used  in  the  te3t  series 
is  controlled  by  that  of  the  bearing  brick  wall,  as  it  is  more  vulnerable 
and  i.he  natural  period  of  brick  wall  is  taken  as  T=100as.  When  the  charge 
of  explosion  is  1000kg  TNT,  the  overpressure AP  is  0.535  kg/c«*at  a 
distance  40m.  from  the  charge  center,  the  positive  tine  duration  t*  is 
30ns.  The  calculated  maximum  elastic  displacement  of  structure  is  ’.05cm, 
and  the  measured  displacement  during  test  is  5 -’em,  where  rather  large 
cracks  occured  on  the  brick  wall,  the  structure  entered  into  plastic 
deformation  stage,  thus  we  take  the  ductility  ratio /U=2  to  obtain  the 
dynamic  factor  of  structure. 

We  need  Kp  for  computing  ,  and  we  need  6/T  for  selecting  Kp,  as  ?. 
and  9  are  interrelated  and  both  are  unknown,  so  we  must  take  the  calcution 
procedure  of  successive  approximation.  Tha  procedure  of  calculation  is 
first  to  assume  a  i{,  ,  and  then  calculate  seccessively  -*  t+  -»0  -*G/T-»'|n 
repeat  the  process  with  1.  as  the  newly  assumed  *\»  until  (*J.  - '].  )/ >\»  < 

For  example,  the  computed  results  of  intraline  distance  for  receiver 
structure  with  natural  period  T=100-AOCws  and  fi-Z  are  shown  in  Tible 


TABLE  4 


300 

1,000 

3,000 

5,000 

10,000 

40,000 

100,000 

0.62 

0.72 

0.82 

0.86 

0.92 

1.00 

1.10 

0.82 

1.00 

1.1l» 

1.19 

1.28 

1.39 

1.53 

24.2 

Uo.o 

64.8 

79.6 

105 

185 

274 

»V  0.50  0.56 
\  0.89  1.00 
H  23.0  4o.O 


0.67  0.713 
1.20  1.213 
67.0  84.5 


IV.  OTHER  FORK  OF  EXPRESSION  FOR  INTRALIKE  DISTANCE  DISTANCE  EQUATIONS 


1.  Equation  of  Variable  Exponent: 

The  exponent  of  charge  weight  C  in  the  equation  may  not  be  considered 
as  a  constant  value  ?s,  and  tr.ay  be  considered  as  a  variable  value  which 
varies  with  the  natural  period  of  the  structure. 

If  we  plot  the  calculation  results  from  Table  4  on  a  logarithmic 
coordinates  paper,  the  i1}  -  0  curves  nearly  a  straight  line,  we  obtain 

t.ejz 


T=100ms,  r,  =  0.53  C‘ 

T= 200ms,  n  =  0.43  C*''^ 

T= 300ms,  n  =  0,4c6  Col,‘ 

*  s400ms,  \  r.  0.353  C°'f* 
Substitute  (15)  into  (I1*),  we  get 

TrIOOms,  R  =  2.12  c'/j  ,T 
T=200ms,  R  =  1.72  C/i  ty 
T= 300ms,  R  =  1.62  c‘/i'T 
T  =400r.s,  R  =  1.41  C  >/i  ei 


- (15) 


-  (16) 


In  equation  (16),  the  exponent  of  charge  weight  C  is  no  longer  a 
constant  value  Y> ,  but  a  variable  which  varies  with  the  natural  period  of 
the  structure. 


2.  Estimating  Safety  Distance  by  Transfer  Function 


If  we  take  the  safety  distance  for  a  specified  charge  weight  as  a 
standard  distance,  then  the  safety  distance  for  any  arbitrary  charge 
weight  may  be  estimated  by  multiplying  this  standard  distance  by  a  function, 
this  function  ia  called  a  tranfer  function. 

If  we  take  C=*Q00kg  as  the  specified  charge  weight,  the  safety  distance 
for  which  is  the  standard  distance,  then  from  equation  (14) 


*1 


Substituting  (15)  into  (17)9  we  get 
T=1QGcis,  R4=  Ri  [(1/18.9)C,-41t  ] 

T=200as,  R,=  R1[(1/23.3)Ct4,‘] 

T*3C0ms,  R,=  R,  [(1/24.G)C#,*V4J 
7=40035,  Rj  =  R,[(1/28.3)C*4,‘3 

From  equation  (18),  we  get  the  transfer  function 


—  (17) 


/ 


—  (18) 


,  1 


1  \  _  c.4i5~°4$4 


V.  INFLUENCE  OF  STRUCTURE  TYPES  OS  SAFETY  DISTANCES 

The  above  mentioned  intraline  distance  equation  04}  is  based  on  a 
structure  with  brick  and  flat  RC  roof.  As  compared  with  brick  wall  and 
timber  roof,  the  degree  of  damage  of  timber  roof  is  much  severe  than  that 
of  RC  roof,  but  the  degree  of  brick  wall  with  timber  roof  i6  lighter  than 
that  of  brick  wall  with  RC  roof.  Therefore  the  timber  roof  governs  the 
safety  criterion. 

The  safety  distance  for  brick  wall  structure  with  timber  roof  may  be 
increased  by  1.25  times  that  for  RC  roof,  or 

Ri=  5  - (20) 

From  test  results  and  investigations  of  some  accidental  explosions, 

RC  frame  structures  behave  stronger  resistance,  the  safety  distance  may 
be  decreased  by  0-75  times  that  for  brick  wall  structure  with  RC  roof,  or 

R*=  3fc/}  - (21) 

VI.  INFLUENCE  OF  EARTH  BARRICADE  AROUND  RECEIVER 
STRUCTURE  ON  SAFETY  DISTANCE 

The  earth  barricade  around  a  receiver  structure  may  decrease  the 
effects  of  blast  wave  overpressure  and  flying  fragments.  Usually  the 
earth  barricade  that  we  build  is  eloped  45°  on  both  6ides  with  a  top 
width  of  In,  the  height  of  earth  barricade  is  equal  to  the  eaves  height 
of  the  structure.  Comparing  the  test  results  of  incident  overpressure  in 
free  field  and  that  within  an  earth  barricade  (at  the  center  point)  at 
the  same  distance  from  the  charge  center,  we  get 

APk*  K^AP  - (22) 

wher*  Kk=  0.7755  -  — —  —  (23) 

AP 

A pk  —  overpressure  within  barricade 

AP  —  overpressure  in  free  field  at  same  distance 

Xk  — —  reducing  ceofficient 

When  AP= 0.535-0-211  kg/cm*  Kk=  0.64  -  0.42,  that  is  to  6ay  the 
overpreesure  may  decrease  36-5$#  under  the  protection  of  earth  barricade, 
the  safety  distance  may  be  multiplied  by  a  reducing  coefficient  0.71-Q.84. 
Also  considering  that  the  positive  time  duration  i6  decreased  within  a 
receiver  earth  barricade  as  compared  to  free  field  at  same  distance,  the 
total  reducing  coefficient  is  about  0.55-0-75  at  the  center  within  a' 
barricade.  Here  we  shall  notice  that  the  influence  of  earth  barricade 
decreases  as  the  charge  weight  increases.  For  one  ton  TNT  explosion,  the 
safety  distance  may  reduce  ^5^.  but  for  a  ICOt  TNT  explosion,  it  only 
reduce  25#»  if  the  size  and  configuration  of  the  earth  barricade  are 
identical  for  both  charges. 

Many  countries  consider  the  influence  of  earth  b<irricade  around 
receiver  structure  with  respect  to  safety  distance  a  50#  reduction.  Our 
opinion 'is  that  this  conclusion  holds  true  only  when  the  charge  weight 
is  limited. 
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VII.  INTRALINE  DISTANCES  COMPARED  WITH  OTHER  COUNTRIES 

For  ground  explosion  with  earth  barricade  around  charge  center, 
distance-charge  curves  are  plotted  on  logarithmic  paper  as  shown  in 
Figure  3*  These  R-C  curves  represent  the  equation  (I1*)  in  this  paper, 
and  the  corresponding  standards  of  U.  S.  A.,  U.  S.  S.  R.,  Britain,  and 
F.  R  G..Ve  can  see  that 

1.  Since  the  damage  criterions  are  somewhat  different,  the  British 
distance  is  larger  than  that  of  U.  S.  A.,  and  when  C5-7.0t,  the  two 
curves  become  parallel  to  each  other. 

2.  The  TJ.  S.  S.  R.  standard  seems  to  demand  excessive  distance  requirement 
for  large  quantity  of  charge.  The  equation  R=1.2C,/2  fits  relatively  small 
quantity  of  charge  where  its  effective  positive  time  duration,  e,  is 
relatively  short,  as  compared  to  the  natural  period  of  structure,  usually 

9AS3/8. 

VIII.  CONCLUSION 

1.  In  this  paper,  equations  are  given  for  shock  wave  overpressure  and 
its  positive  time  duration  which  are  need  for  evaluation  of  blast  load. 

2.  A  general  equation  for  estimating  safety  distance  is  given,  with  the 
positive  time  duration  and  dynamic  characteristics  of  receiver  structure 

being  considered  in  the  equation  for  intraline  distance.  The  application 
of  law  of  coxforraity  (or  the  scaling  law)  and  tranfer  function  are 
discussed. 

3.  The  influence  of  earth  barricade  around  receiver  structure  upon 
decrease  of  overpressure  and  the  safety  distance  from  test  results  are 
discussed,  the  SC#  decrease  of  safety  distance  seem  valid  only  for 
limited  charge  weight. 

*».  The  influence  of  structure  type  upon  safety  distance  is  discussed, 
and  values  of  factor  for  structural  characteristics  are  given  for  three 
structure  types. 
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ULTRA  HIGH  SPEED  DELUGE  SYSTEMS 


DEPARTMENT  OF  DEFENSE  EXPLOSIVE  SAFETY  SEMINAR 
9-11  AUGUST  1988 


PORTABLE  DELUGE  PAPER  OUTLINE 


1.  Army  ammunition  plants  and  ammunition  depots  perform  many  short-run 
maintenance,  renovation,  demll,  surveillance,  and  rework  jobs  Involving 
exposed  thermally  energetic  material  such  as  propellant  and  pyrotechnics. 

They  frequently  last  less  than  a  week.  Each  job  requires  a  different 
equipment  setup.  Only  a  limited  number  of  ammunition  maintenance  and 
surveillance  facilities  are  equipped  with  installed  ultra-high-speed  deluge 
systems.  Permanently  Installed  deluge  systems  are:  costly  (up  to  $200,000 
per  building);  must  be  programed  Into  project  funding  cycle;  require  4  to  6 
months  to  Install;  require  extensive  modification  for  many  of  the  jobs;  and 
there  are  only  a  few  permanently  installed  systems  in  ammunition  maintenance 
facilities.  This  greatly  reduces  the  commander's  flexibility  in  planning, 
scheduling,  and  executing  depot-type  operations. 

2.  Several  ammunition  plants  and  depots,  as  well  as  the  U.S.  Army  Depot 
System  Command,  requested  the  assistance  of  the  U.S.  Army  Armament,  Munitions 
and  Chemical  Command  (AMCCOM)  Safety  Office  to  develop  a  deluge  system  capable 
of  protecting  these  type  of  operations.  Tne  U.S.  Army  Central  Ammunition 
Management  Office- Pacific  (CAH0-PAC)  conducted  a  survey  of  the  8th  Army's  19th 
Support  Command's  maintenance  and  surveillance  operations  in.  Many  of  the 
operations  involved  exposed  propellant  and  are  performed  in  facilities  without 
deluge  systems  or  water  supply.  The  CAM0-PAC  requested  the  assistance  of  the 
AMCCOM  Safety  Office  to  develop  a  deluge  system  capable  of  protecting  these 
type  of  operations.  Other  Army  commands  involved  in  maintenance  and 
surveillance  operations  have  the  same  problem. 

3.  The  Department  of  Defense  Explosives  Safety  Board  surveys  have  repeatedly 
noted  the  need  for  ultra-high-speed  deluge  systems  to  protect  operations 
involving  exposed  propellant  and  pyrotechnics  material  and  has  specially 
mentioned  the  need  for  a  portable  deluge  system. 

4.  As  a  result  of  the  interest  in  a  self-contained  deluge  system,  the  AMCCOM 
Safety  Office  conducted  a  survey  of  potential  users  cf  a  portable  ultra-high¬ 
speed  deluge  system.  Responses  to  the  survey  are  summarized  below.  They 
indicated  there  was  a  definite  need  for  a  portable  ultra-high-speed  deluge 
sys  tern : 

a.  Typical  types  of  operations  requiring  fire  protection  system? 

-  Surveillance,  renovation,  maintenance,  and  inspection  operations. 

b.  Typical  types  of  work  being  performed  in  these  operations? 

-  Surveillance,  renovation,  maintenance,  and  inspection  of  bulk 
propellant,  prop  charges,  and  mortar  increments. 

c.  Typical  types  of  ammunition  or  explosives  involved  in  these 
operations? 


632 


-  Propellant  for  prop  charges  such  as  Ml.,  M6,  M10,  and  H30  plus 
propellant  for  mortar  Increments  such  as  M8  and  M9. 

d.  Typical  quantities  of  ammunition  or  explosives  present  in  the  bay  or 
area  of  these  oper&wions? 

-  1-100  pounds. 

e.  Number  of  operators  typically  present  during  these  operations? 

-  2-5  operators. 

f.  Do  buildings  in  which  these  operations  are  typically  performed  have 
running  water  or  electric  power? 

-  No  running  water  or  electricity  from  either  a  commercial  source  or 
portable  generator. 

g.  Is  there  a  need  for  portable  deluge  systems  within  your  organization? 

-  Yes. 

h.  What  is  the  typical  size  of  the  bay  or  area  the  operation  is  performed 
in? 

-  Operations  usually  take  place  in  small  bays  such  as  20  feet  by  20 
feet  or  18  feet  by  25  feet. 

5.  As  a  result  of  this  interest,  the  AMCCOM  Safety  Office  developed  the 
concept  of  a  portable  ultra-high-speed  deluge  system.  It  would  be  a  self- 
contained  fire  detection  and  suppression  system  capable  of  deliveiing  water  to 
the  nozzles  within  100  milliseconds  from  time  of  detection  to  water  at  the 
nozzle.  The  detectors  would  be  ultraviolet  (UV)  and  water  would  be  supplied 
from  a  pressurized  tank.  It  would  protect  an  area  approximately  10  feet  by  10 
feet.  In  a  separate  but  parallel  action.  Automatic  Sprinkler  Corporation  was 
looking  at  the  possible  development  of  a  portable  ultra-high-speed  deluge 
system. 

6.  Before  discussing  the  portable  deluge  system,  we  must  understand  exactly 
what  an  ultra-high-speed  deluge  system  is.  An  ultra-high-speed  deluge  system 
is  designed  to  start  applying  large  volumes  of  water  in  an  extremely  short 
(milliseconds)  period  of  time.  Pre-primed,  ultra-high-speed  deluge  systems 
are  used  to  protect  personnel,  process  equipment,  and  buildings  from  the  fire 
and  thermal  hazard  presented  by  exposed  energetic  material  involved  In 
munition  operations  such  as  weighing,  pressing,  pelletizing,  propellant 
loading,  melting,  extrusion,  mixing,  blending,  screening,  sawing,  granulating, 
drying,  and  pouring.  1  pre-prfmed,  ultra-high-speed  deluge  system  utilises 
the  following  components: 


a.  Flame  detector. 


b.  Controller. 

c.  Valve  (squib-  or  solenoid -operated). 

d.  Piping. 

e.  Nozzles. 

7.  When  a  flame  detector  senses  the  radiant  energy  of  a  flame  or  fire  within 
its  field  of  coverage,  it  will  respond  within  milliseconds  sending  a  signal  to 
the  controller.  The  controller,  in  turn,  sends  a  signal  to  the  valve  to  open. 
Opening  of  the  valve  permits  line  water  pressure  to  be  applied  to  the  priming 
water  already  in  the  pipe  behind  the  nozzles,  causing  water  to  flow  from  the 
nozzles.  At  the  same  time,  signals  are  sent  to  operate  alarms  and  shut  down 
process  equipment. 

8.  The  concept  of  the  portable  ultra-high-speed  deluge  system  is  valid.  The 
Ammunition  Equipment  Directorate  (AED),  Tooele  Army  Depot,  has  developed  a 
small  self-contained  system  for  two  pieces  of  Ammunition  Peculiar  Equipment 
(APE).  It  utilizes  UV  detectors,  a  15-gallon  pressurized  water  tank,  and 
explosive  rupture  disc  valve.  The  MIGRAD  mixer  uses  a  similar  setup  to  dump 
30  gallons  of  water  very  quickly  into  the  mixer  bowl  should  an  Incident  occur. 

In  both  cases,  the  water  was  being  placed  into  an  enclosed  container  or 
shield. 

9.  Automatic  Sprinkler  Corporation  developed  a  prototype  portable  ultra-high¬ 
speed  deluge  system  that  could  protect  personnel  and  process  equipment  in  an 
open  area.  It  is  a  self-contained  fire  detection  and  suppression  system 
capable  of  delivering  water  to  the  nozzles  within  50  to  100  milliseconds  from 
time  of  detection  to  water  at  the  nozzle.  It  will  protect  ar.  area  approximately 
10  feet  by  10  feet. 

a.  It  uses  two  UV  detectors.  The  sensitivity  range  of  the  detectors  is 
between  1,850  and  2,450  Angstroms;  consequently,  radiation  from  normal 
artificial  lighting  and  sunlight  do  not  readily  trigger  the  system.  Each 
detector  is  automatically  verified  for  optical  cleanliness  and  ability  to 
detect  UV  energy  seyeral  times  per  second.  The  detectors  have  an  80-degree 
cone  of  vision  with  middle  40  degrees  being  the  most  sensitive  to  UV  energy. 

The  UV  detectors  are  gas-filled,  cold-cathode  sensor  tubes  mounted  inside 
explosiun-prcof  housings.  When  a  photon  of  UV  radiation  is  absorbed  by  the 
cathode  of  a  UV  tube,  the  energy  of  the  photon  is  imparted  to  an  electron  in 
the  metal  of  the  cathode.  Each  sensor  tube  is  filled  with  an  ionizable  gas, 
and  a  large  voltage  potential  is  present  between  the  cathode  and  anode.  When 
the  electron  is  emitted  from  the  cathode,  it  strikes  the  gas  molecules  with 
enough  energy  to  cause  ionization,  resulting  in  an  avalanche  effect.  The 
total  number  of  electrons  generated  in  this  manner  is  typically  several 
million  times  more  than  were  emitted  from  the  cathode.  The  net  result  is  that 
a  detectable  signal  pulse  is  transferred  to  the  system  controller. 
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b.  The  system  Includes  a  battery-operated  (rechargable)  controller  housed 
In  an  explosion-proof  enclosure.  Pulses  from  the  the  detectors  are  counted  by 
the  microprocessor-based  controller.  When  the  count  threshold  (adjustable) 
per  secoi.d  is  exceeded,  the  controller  signals  the  pilot  line  solenoid  valves 
to  open.  When  the  pilot  line  solenoid  valves  open,  the  pressure  is  bled  off 
of  the  pilot  lines  allowing  the  deluge  valves  to  open.  When  the  deluge  valves 
open,  water  travels  from  the  water  tank  to  the  nozzles. 

c.  The  water  tank  has  a  120-gallon  capacity,  but  the  tank  is  normally 
filled  with  100  gallons  of  water  and  is  pressurized  to  175  psi  by  a  standard 
200-cubit  foot  nitrogen  bottle.  Additional  water  could  be  provided  via  a 
connection  to  the  building  water  supply,  if  available,  or  a  second  water  tank. 
Electrical  components  would  be  suitable  for  use  with  exposed  explosives  (class 
II).  Electricity  for  the  system  could  be  supplied  by  commercial  power, 
generator,  or  battery.  The  detectors  have  a  ball  mount  that  permits  the 
viewing  angle  to  be  adjusted.  The  nozzles  can  be  adjusted  up  to  1  foot  both 
vertically  and  horizontally  to  provide  better  coverage  of  hazard.  The  nozzles 
can  be  configured  for  different  spray  patterns  including  40,  60,  90,  and  120 
degrees.  The  system  would  be  mounted  on  a  dolly  or  skid  and  be  transportable. 

10.  Ultra-high-speed  deluge  systems  have  prevented  serious  or  fatal  Injuries 
and  serious  damage  to  process  equipment  and  facilities.  Two  typical  examples 
are: 


a.  An  operator  was  preparing  a  batch  of  ignition  composition  for 
screening  when  it  initiated.  The  ultra-high-speed  deluge  system  functioned. 
The  operator  received  only  minor  burns  to  exposed  skin.  There  was  severe 
scorching  to  the  front  of  her  Nomex  uniform.  There  was  no  propagation  to 
another  nearby  batch  of  mix  or  damage  to  process  equipment  and  the  structure. 
The  operator  was  wearing  the  protective  clothing  specified  In  the  SOP. 

b.  Mortar  Increment  bags  containing  M9  propellant  were  being  sealed  with 
an  ultrasonic  sealers  when  Initiation  of  the  propellant  occurred.  The  ultra- 
high-speed  deluge  system  functioned.  Only  two  increment  bags  burned.  The 
deluge  system  prevented  propagation  down  the  conveyor.  There  were  no  Injuries 
or  property  damage. 

11.  The  U.S.  Department  of  Defense  .Ammunition  and  Explosives  Safety  Standards 
(DOD  6055.9-STD)  states  that,  where  exposed  thermally  energetic  materials  are 
handled  that  have  a  high  probability  of  Ignition  and  a  large  thermal  output, 
as  indicated  by  a  hazard  analysis,  they  must  be  protected  with  an  ultra-high¬ 
speed  deluge  system.  The  system  must  suppress  potential  fires  In  their 
incipient  state.  Other  publications  such  as  AMCR  335-100  (U.S.  A**nty  Materiel 
Command  Safety  Manual),  Navy  Sea  System  Command  OP  5  (Ammunition  and 
Explosives  Ashore),  000  4145.26M  (Contractor's  Safety  Manual),  Military 
Handbook  1008  (Fire  Protection  For  Facility  Engineering,  Design,  and 
Construction),  and  the  National  Fire  Codes  also  provide  guidance  on  ultra- 
high-speed  deluge  systems. 
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12.  The  concept  of  the  portable  deluge  system  needed  to  be  evaluated.  This 
could  only  be  done  through  a  systematic  testing  program.  The  AMCCOM  Safety 
Office  established  the  test  criteria  and  developed  the  test  plan  outline.  The 
U.S.  Army  Production  Base  Modernization  Activity  contracted  with  Day  4 
limmernann  to  evaluate  the  portable  deluge  system,  prepare  a  technical 
report,  develop  a  purchase  specification,  and  recommend  changes  to  prototype. 
The  AED,  Tocele  Army  Depot,  developed  the  detailed  test  plan,  testing 
procedures,  and  Instrumentation  requirements.  They  also  performed  the  actual 
tests.  Only  propellant  was  used  due  to:  More  propellant  than  pyrotechnics 
are  involved  in  maintenance  and  renovation  operations;  time  constraints;  and 
funding  constraints. 

13.  Test  criteria  established  for  an  acceptable  test  of  the  portable  deluge 
system  were: 

a.  System  would  respond  in  100  milliseconds  or  less  from  time  of  detector 
output  to  water  at  the  nozzle. 

b.  System  would  prevent  propagation  of  fire  from  the  donor  to  the 
receptor. 

14.  Test  setups  were  developed  to  simulate  operations  commonly  performed  in 
ammunition  plants  and  depots.  Three  tests  involved  the  removal  and  replace¬ 
ment  propellant  increments  and  one  Involved  the  collection  of  propellant  in  a 
hopper. 

a.  Propellant  replacement  operations,  A  table,  approximately  4  feet  by  4 
feet  was  used  to  simulate  the  table  typically  found  in  ammunition  maintenance 
facilities.  A  donor  charge  equalling  one  round  plus  25-percent  overcharge  was 
placed  near  the  center  of  the  table  to  simulate  an  operator  performing  an 
operation  on  the  round.  Acceptor  charges  were  placed  12  and  18  inches  from 
donor  charge  to  simulate  the  typical  location  of  propellant  items  (complete 
rounds,  scrap  propellant,  new  propelling  charge,  etc.)  required  to  support  the 
operation.  Three  typical  propellant  charges  used  in  maintenance,  renovation, 
and  demil  operations  were  selected  selected  as  donor  charges.  The  weight 
includes  the  25-porcent  overcharge.  The  donor  charges  were  Initiated  by  means 
of  a  electric  squib  buried  in  the  propellant.  The  portable  deluge  system  was 
placed  to  one  side  of  the  worktable  so  that  the  detectors  were  5  feet  from  the 
donor  and  the  nozzles  were  4  feet  from  the  donor.  They  were: 

(1)  H90,  81mm  mortar  increments,  M9  propellant  -  .39  pounds. 

(?)  M35,  4.2-inch  mortar  Increments,  M8  propellant  -  .75  pounds. 

(3)  H67,  105mm  howitzer  increments.  Ml  propellant  -  3.5  pounds. 

b.  Propellant  collection  operation:  It  simulated  the  typical  propellant 
collection  operation.  The  collection  hopper  for  the  APE  1023  Vacuum 
Collection  System  was  used  to  hold  the  donor  charge.  Acceptor  charges  were 
placed  on  small  trays  at  the  same  level  as  the  top  of  the  collection  hopper. 
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They  were  located  12  and  18  inches  from  the  collection  hopper.  The  K26 
propellant  used  with  the  many  106mm  recoilless  rifle  rounds  was  selected  for 
the  donor  because  it  represents  one  of  the  more  energetic  propellants  commonly 
Involved  In  maintenance,  renovation,  and  derail  operations.  The  donor  charge 
consisted  of  10  pounds  of  loose  H2S  propellant  placed  in  the  collection 
hopper.  This  represented  a  typical  106mm  round  with  a  25-percent 
overcharge.  The  M26  propellant  was  also  used  for  the  acceptor  charges.  The 
portable  deluge  system  as  placed  to  one  side  of  the  hopper  so  that  the 
detectors  were  5  feet  from  the  donor  and  the  nozzles  were  4  feet  from  the 
donor.  The  donor  charges  were  initiated  by  means  of  a  electric  squib  buried 
in  the  propellant. 

c.  To  verify  that  propagation  would  take  place  between  the  donor  and 
acceptors,  a  series  of  propagation  tests  was  performed.  Propagation 
occurred. 

d.  The  tests  were  instrumentated  to  measure  overpressure,  heat  flux,  and 
temperature.  They  were  recorded  on  normal  speed  video  system,  high-speed 
video  system  (200  frames  per  second),  and  high-speed  camera  system  (500  frames 
per  second).  Still  pictures  were  taken  before  and  after  each  test.  A  manikin 
placed  at  the  operator's  position. 

15.  Test  results  are  presented  below.  Each  qualifying  test  was  performed  at 
least  twice. 

a.  Propellant  replacement  operations  with  M90,  M36,  and  M67  charge  : 

(1)  No  overpressures  were  noted.  All  readings  were  well  below  the 

2.3  psi  level  established  by  MIL  STD  398. 

(2)  No  measured  heat  flux  valves  ware  in  excess  of  standards 

established  by  D0D  6055.9-STD  or  MIL  STD  398. 

(3)  No  overpressures  were  noted.  All  readings  were  well  below  the 

2.3  psi  level  established  by  MIL  S.0  398. 

(4)  There  was  no  propagation  from  the  donor  to  either  acceptor 

charge. 

(5)  At  least  70  percent  of  the  propellant  was  recovered  after  each 

test. 

b.  M25  propellant  (10  pounds). 

(1)  No  overpressures  were  noted.  All  readings  were  well  below  the 

2.3  psi  level  established  by  MIL  STD  393. 

(2)  Response  times  were  all  less  than  100  milliseconds.  They  ranged 
from  47  to  83  milliseconds  (from  time  of  detector  output  to  water  at  the 
nozzle). 


(3)  The  highest  heat  flux  reading  for  the  third  qualifying  propellant 
collection  hopper  test  was  0.43  cal /cm2  per  second.  It  did  not  exceed  the 
level  established  by  MIL  STD  3S8.  However,  it  did  exceed  the  0.3  cal/cnr  per 
second  level  established  by  the  DOD  6055.S-STD.  This  qualifying  test  was  not 
valid  because  one  of  the  acceptor  hoppers  and  the  collection  hopper  were 
pushed  over  by  the  force  of  the  water.  The  second  qualifying  test  did  not 
pass  either  heat  flux  standard  because  the  water  spray  patterns  did  not 
adequately  cover  all  of  the  energetic  materials.  The  nozzles  were  changed  for 
the  third  test.  See  paragraph  26  for  additional  details. 

(a)  There  was  no  propagation  from  the  donor  to  either  acceptor 
charge  during  the  third  qualifying  test. 

(b)  At  least  83  percent  of  the  propellant  was  recovered  after  the 
third  qualifying  test. 

16.  It  was  concluded  that  the  prototype  portable  deluge  system  will  adequately 
suppress  the  thermal  hazards  associated  with  typical  renovation  and  maintenance 
operations  on  the  types  and  quantities  of  propellant  tested.  This  system  will 
provide  protection  for  an  operator  and  personnel  in  the  iawediate  vicinity 
from  the  heat  flux  generated  in  event  of  an  Incident.  Additional  testing 
needs  to  be  performed  for  specific  applications;  e.g.,  type  of  energetic 
material,  quantity  of  energetic  material,  equipment  layout,  and  specific 
nozzle  configurations.  Testing  a! sc  needs  to  be  performed  to  establish 
methods  for  winterizing  the  portable  deluge  system. 

17.  As  part  of  the^r  evaluation  of  the  portable  deluge  system.  Day  & 
Zimmermann  developed  a  detailed  purchase  specification.  See  appendix  A. 

18.  Ultra-high-speed  portable  deluge  systems  can  be  purchased  from  commercial 
vendors  at  this  time.  At  least  one  installation  has  purchased  several 
portable  deluge  systems.  Several  of  major  subordinate  commands  are 
considering  a  central  purchase  of  the  portable  deluge  systems. 

19.  Potential  problems  with  portable  deluge  system  Include: 

a.  The  proper  setup  of  the  portable  deluge  Is  critical  to  its  successful 
operation.  If  the  portable  deluge  system  is  incorrectly  located,  nozzles 
and/or  detectors  improperly  aimed,  or  the  wrong  type  of  nozzle  used,  it  will 
not  protect  the  employes,  fhis  was  borne  out  by  the  qualification  tests 
performed  at  Tooele  Army  Depot. 

(1)  Detectors.  The  U7  detectors  for  ultra-high-speed  deluge  systems 
should  be  located  to  provide  two  levels  of  protection,  One  or  more  detectors 
should  be  placed  as  close  as  physically  possible  to  the  cost  likely  sources) 
of  Ignition.  They  should  be  located  so  the  detector's  field  of  view  is  roc 
blocked  by  shield,  equipment,  or  personnel.  One  or  more  additional  detectors 
should  be  located  to  provide  general  area  coverage  of  the  cubicle  or  bay,  on 
the  assumption  that  an  ignition  could  occur  at  ocher  points  within  the  area. 
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The  UV  and  infrared  (IR)  detectors  are  optical  devices  and,  as  such  respond  to 
the  attenuation  laws  of  optics,  doubling  the  distance  between  the  detector, 
and  the  flame  will  reduce  the  radiation  perceived  to  one  fourth;  conversely, 
reducing  the  distance  by  one  half  results  in  four  times  more  radiation  to  the 
detector.  Tests  done  by  Detector  Electronics  graphically  demonstrated  the 
effect  of  distance  and  obstructions  have  on  the  detection  time  (reaction  time 
of  the  detector  only)  of  UV  detectors. 

(a)  In  one  test,  10  grams  of  black  povfder  was  ignited.  The 
fire  was  viewed  by  identical  detectors  and  controllers  at  5,  10,  and  15  feet. 
Note  the  almost  100  percent  increase  In  time  between  5  and  10  feet  and  the 
almost  200  percent  Increase  between  5  and  15  feet.  The  detector  response  times 
were: 


5  feet  ...  27  milliseconds 
10  feet  ...  54  mill  1  seconds 
15  feet  ...  75  milliseconds 

(b)  In  another  test,  10  grams  of  black  powder  was  Ignited. 

The  fire  was  viewed  by  three  identical  detectors  and  controllers  located  10 
feet  from  the  fire.  The  detectors  had  a  clear  view,  partially  obstructed 
view,  and  completely  obstructed  view,  respectively,  of  the  target.  Note  the 
almost  100-percent  increase  In  response  time  when  the  view  is  partially  or 
completely  blocked.  The  detector  response  times  were: 

Clear  view  ...  20  milliseconds 
Partial  view  ...  38  milliseconds 
Blocked  view  ...  40  milliseconds 

(c)  The  UV  detectors  are  sensitive  to  weld  arcs,  lightning. 

X-rays  (gamma  radiation),  cosmic  and  background  radiation,  and  high 
electrostatic  charges.  They  should  be  located  away  from  the  horizontal  piane, 
and  they  should  not  be  aimed  toward  doors  or  windows. 

(d)  The  UV  radiation  will  not  transmit  through  smoke,  water 
vapor,  acetone,  regular  glass,  plexiglass,  or  oil. 

(2)  The  proper  location  of  the  nozzles  is  vital  to  the  correct 
operation  of  the  portable  deluge  system.  They  should  be  located  as  close  as 
possible  to  the  hazard  but  still  provide  adequate  coverage.  The  nozzles  must 
also  be  aimed  at  the  hazard.  If  the  nozzle  is  improperly  aimed,  the  water 
spray  may  partially  or  completely  miss  the  hazard.  Tne  water  travel  time  from 
the  nozzle  to  the  hazard  is  the  longest  component  of  response  time.  Sea 
paragraph  32  for  additional  discussion  of  water  travel  time. 

(3)  The  proper  nozzle  selection  is  also  critical  to  the  successful 
operation  of  the  portable  deluge  system.  A  single  type  or  combination  of 
nozzles  may  be  required.  Nozzles  with  spray  patterns  of  40,  60,  90,  and  1?Q 
degrees  are  available.  All  exposed  energetic,  material  must  be  protected  by 
the  water  spray  pattern  for  the  portable  deluge  system  to  be  effective.  The 
operator's  position  should  also  be  protected.  The  need  to  select  the  proper 
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nozzles  was  very  graphically  demonstrated  In  one  series  of  the  test  runs  at 
Tooele  Army  Depot.  The  test  involved  a  propellant  collection  device  as  the 
donor  and  a  tray  of  propellant  located  18  inches  from  the  hopper.  In  the 
first  test,  three  40-degree  nozzles  were  used.  The  water  spray  pattern  did 
not  protect  the  acceptor  charge  and  did  not  completely  penetrate  the  flame  of 
the  donor  charge,  as  10  pounds  of  M26  propellant  burned  in  the  hopper.  The 
fire  propagated  to  the  acceptor  charge.  When  the  test  was  repeated,  one  40- 
degree  nozzle  was  replaced  with  a  90-degree  nozzle.  The  acceptor  charges  were 
protected  with  the  water  spray  and  the  fire  did  not  propagate  from  the  donor. 

(4)  The  portable  deluge  system  must  be  located  so  that  no  personnel 
are  working  directly  opposite  it.  When  the  system  functions,  It  tends  to  push 
burning  propellant  across  the  table.  This  was  noted  during  the  Tooele  tests. 
This  is  more  a  problem  with  the  narrow  angle  nozzles. 

b.  Maintenance  of  the  portable  deluge  system  is  much  more  critical  than 
for  permanently  installed  systems  because  of  the  extra  stress  placed  on  the 
unit  when  It  is  moved  from  location  to  location  and  stored  for  long  periods 
of  time.  A  good  preventive  maintenance  program  is  required.  Experience  has 
shown  that  increasing  the  time  period  beyond  4  to  5  weeks  results  in  a 
significant  Increase  of  false  activation  and  other  system  problems.  A  tri¬ 
service  manual,  Maintenance  of  Kire  Protection  Systems  (TM  5-695/NAVFAC 
M0-117/Air  Force  AFM  91-37),  provides  guidance  on  the  inspection  and  testing 
of  fire  protection  systems.  The  following  items  should  be  considered  when 
establishing  maintenance  procedures: 

(1)  System  checks. 

(a)  Measure  all  voltages. 

(b)  Check  for  loose  wires  and  or  relays. 

(c)  Clean  all  dirt  and  debris  from  box  housing  the  controller. 

(d)  Spot  check  conduit  fittings  for  moisture  and/or  loose  wire 

nuts. 

(2)  Detectors. 

(a)  Remoye  each  lens  and  clean. 

(b)  Remove  each  barrel  and  check  grounding  springs,  when  used. 

(c)  Tighten  each  terminal  screw  In  sensors. 

(<J)  Clean  and  inspect  all  optical  integrity  rings. 

(e)  Check  for  moisture  and  or  corrosion  inside  sensor  housings. 

(f)  Check  each  sensor  for  proper  al igiir.ient. 

(g)  Check  housing  for  continuity. 
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(h)  Reactivate  system  and  check  for  problems. 

(3)  Flow  tests  should  be  conducted: 

(a)  After  each  job  set  or  move. 

(b)  After  major  maintenance  or  modification. 

(c)  After  reactivating  an  Inactive  system. 

c.  There  is  a  need  for  backup  water  supply.  The  water  supply  of  the 
portable  deluge  system  is  very  limited  (typically  100  gallons).  Whenever 
possible,  a  backup  water  supply  should  be  provided.  This  can  be  done  by  tying 
into  the  building  water  supply  system.  The  first  choice  would  be  an  existing 
fire  protection  system.  The  second  choice  would  be  the  domestic  water  supply. 
The  connection  between  the  portable  deluge  and  building  water  supply  can  be 
accomplished  by  means  of  a  flexible  hose,  similar  to  the  hose  connection  of  a 
fire  department  standpipe  system.  When  this  Is  net  feasible,  the  use  of  a 
second  pressure  tank  should  be  considered.  The  primary  purpose  of  the  backup 
water  supply  is  to  prevent  reignition  of  the  energetic  material  due  to  the 
residual  heat  after  the  flames  have  been  extinguished. 

d.  Whenever  possible,  the  portable  deluge  system  should  also  be  tied' 

Into  the  building  fire  alarm  system.  If  backup  water  Is  provided  from  the 
building  water  supply,  a  flow  alarm  could  be  provided  on  this  system.  An 
alternate  method  would  be  to  wire  a  set  of  contacts  In  the  controller 
enclosure  Into  the  building  fire  alarm  system.  However,  this  wiring  must 
comply  with  the  requirements  for  class  I  or  II  locations  (explosion-proof). 

e.  The  solenoid  type  of  valve  is  better  suited  for  the  portable  deluge 
system  because,  unlike  squib  valves,  the  entire  system  can  be  reset  in  less 
than  30  seconds.  Also,  the  squib-operated  valve  uses  an  explosive  squib  that 
requires  special  handling,  and  is  difficult  to  ship  to  military  Installations 
in  foreign  countries.  It  also  provides  redundancy.  Water  will  flow  from  all 
nozzles  even  if  one  of  the  solenoids  falls  since  tne  pressure  in  all  the  pilot 
lines  will  be  reduced  when  the  valves  open,  although  the  response  of  that  one 
nozzle  will  be  slower.  See  appendix  B  for  additional  information  on  deluge 
valves. 

f.  Training  for  operators  and  maintenance  personnel  is  very  important  to 
ensure  the  proper  operation  of  the  portable  deluge  system.  Detailed  training 
procedures  will  be  required.  These  should  include  a  video  tape  on  the  setup, 
operation,  preventive  maintenance,  and  maintenance  procedures. 

g.  Spare  parts  must  be  readily  available  for  the  portable  systems.  Most 
of  the  items  are  off-the-shelf.  A  recommended  spare  parts  list  should  be 
developed  and  the  critical  Items  either  stocked  locally  or  be  quickly 
available  from  vendors. 
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h.  Procedures  for  storage  of  the  portable  deluge  systems  need  to  be 
developed  to  ensure  proper  storage.  This  should  Include  winterization  of  the 
unit;  e.g. ,  draining  of  water  lines  and  tanks  and/or  use  of  antifreeze 
solutions.  Consideration  should  also  be  given  to  winterization  procedures 
when  the  portable  deluge  system  is  used  in  facilities  that  have  little  or  no 
heat  during  nonworking  hours. 

i.  Because  of  the  very  real  possibility  for  misapplication  of  the 
portable  deluge  system,  control  and  accountability  of  any  system  in  the  field 
must  be  maintained.  Concerns  Include:  proper  maintenance,  distribution, 
standardization,  usage,  spare  parts,  winterization,  etc.  A  goed  avenue  to 
ensure  the  necessary  control  of  the  portable  deluge  system  (for  Government- 
operated  facilities)  is  to  make  the  item  part  of  the  APE  Inventory  or  some 
similar  program. 

20.  Suggested  modifications  to  prototype  portable  deluge  system  include: 

a.  Add  an  additional  detector. 

b.  Make  it  easier  to  place  the  detectors  and  nozzles  closer  to  the 
hazard  by  using  extension  hoses  and  clamping  devices. 

c.  Increase  the  quantity  of  water. 

21.  When  evaluating  the  thermal  threat  presented  by  exposed  energetic 
material,  all  potential  methods  of  protecting  the  employee  must  be  considered. 
These  Include  ultra-high-speed  deluge  systems,  protective  clothing/squipmont, 
shielding,  and  remote  operations.  These  can  be  used  singly  or  in  combination. 

22.  Advantages  of  portable  deluge  system: 

a.  Provides  improved  protection  for  ammunition  maintenance,  renovation, 
and  surveillance  operations  by  means  of  a  system  that  can  be  arranged  to 
protect  the  hazards  presented  by  a  variety  of  operations  and  can  be  moved  from 
location  to  Iccation. 

b.  Provides  a  substantial  cost  savings  by  reducing  the  need  for 
permanently  installed  deluge  systems  in  ammunition  maintenance,  renovation, 
and  surveillance  operations.  Permanent  systems  can  cost  up  to  $200,000  per 
building  while  portable  systems  wou’d  cost  about  $30,000  or  less.  Only  one  or 
two  systems  per  maintenance  building  would  be  required.  Additional  costs 
would  also  be  saved  when  permanent  systems  do  not  have  to  be  modified  to  meet 
job  requirements. 

c.  Provides  process  fire  protection  for  facilities  without  any  permanent 
water  supply. 

d.  Provides  a  system  that  can  be  qu.ckly  and  easily  moved  to  the  location 
it  is  needed. 


e.  Provides  improved  management  flexibility  for  the  scheduling  and 
execution  of  maintenance,  renovation,  demil,  and  surveillance  operations 
requiring  deluge  protection. 

23.  There  are  many  other  potential  users  of  the  portable  deluge  system 
including:  private  munition  manufactures,  research  and  development  labs, 
other  military  services,  and  foreign  countries. 

24.  The  portable  ultra-high-speed  deluge  system  is  designed  to  be  effective 
on  limited  quantities  of  exposed  energetic  materials.  The  testing  already 
done  proves  the  system  can  effectively  contain  some  types  of  propellant  fires 
and  Indicated  that  it  would  be  effective  on  other  types  of  propellants  and 
pyrotechnics.  The  portable  deluge  system  cannot  replace  or  eliminate 
fixed/installed  ultra-high-speed  deluge  systems  where  fixed  systems  are 
needed.  The  portable  deluge  system  will  allow  more  facilities  to  execute 
their  mission  for  operations  involving  limited  quantities  of  exposed  energetic 
materials  in  operations  such  as  rework,  maintenance,  renovation,  surveillance, 
and  demilitarization.  The  portable  deluge  system  can  fill  the  "gap"  where  a 
fixed  deluge  system  Is  not  feasible  because  of  constraints  such  as  water 
supply  and  changing  processes  and  equipment  layout. 

25.  The  portable  deluge  system  provides  an  excellent  test  bed  for  deluge 
system  research,  development,  and  testing.  The  nozzle  and  detectors  can  be 
easily  relocated,  different  nozzles  configurations  used,  different  water 
pressures  utilized,  water  flow  rates  tried,  and  different  type  valves 
utilized.  The  unit  can  be  tailored  to  fit  the  test  criteria. 

26.  The  Tooele  deluge  tests  of  the  portable  deluge  system  pointed  out 
problems  related  to  heat  flux  measurement  and  defining  response  time. 

a.  The  heat  flux  problems  Include: 

(1)  Two  standards  with  different  formula. 

(2)  Lack  of  correlation  between  heat  heat  flux  standards  and 
permitted  exposure. 

(3)  No  universally  accepted  method  to  measure  heat  flux. 

b.  No  common  agreement  on  how  to  define  and  measure  response  time. 

27.  There  are  currently  two  different  heat  flux  standards.  The  DOD  6055,9-STD 
states  that  employees  should  not  be  exposed  to  a  thermal  threat  of  more  0.3 
calories  per  square  centimeter  per  second.  The  MIL  STD  398  (Shields,  Opera¬ 
tional  For  Ammunition  Operations,  Criteria  for  Design  of  and  Tests  for  Accep¬ 
tance)  states  that  employees  should  not  be  exposed  to  a  thermal  threat  of  more 
than  the  value  established  the  following  equation: 


643 


where 


Heat  Flux  »  0.52f0-7423 

Heat  Flux  *  heat  flux  In  cal/cm2-sec 

t  *  total  time  In  seconds  that 
a  person  Is  exposed  to  the 
radiant 

28.  The  value  used  In  the  00D  STD  6055.9-STD  and  AMCR  385-100  Is  an  absolute 
value  while  the  value  used  In  MIL  STD  398  Is  base  on  total  exposure  time.  The 
formulas  should  be  evaluated  to  determine  which  formula  or  combination  Is  the 
best,  then  determine  If  the  formula  selected  needs  to  be  modified  or  changed. 

29.  Army  ammunition  plants  and  depots  perform  various  ammunition-related 
operations  Involving  production,  maintenance,  renovation,  surveillance,  and 
demil.  The  DOD  6055.9-STD  requires  that  where  thermally  energetic  materials 
are  handled  that  have  a  high  probability  of  ignition  and  a  large  thermal 
output,  they  must  be  protected  with  an  ultra-high-speed  deluge  system  capable 
of  protecting  personnel  and  limiting  exposure  to  not  more  than  0.3  calories 
per  square  centimeter  per  second  (first-degree  burns).  A  similar  requirement 
Is  contained  In  AMCR  385-100,  AMC  Safety  Manual.  The  correlation  between  the 
degree  of  exposure  permitted  and  the  thermal  protection  provided  by  ultra- 
high-speed  deluge  systems  has  never  been  clearly  defined  or  established. 

30.  The  Instrumentation  used  to  measure  heat  flux,  method  of  calibration,  and 
Instrumentation  setup  Is  not  clearly  defined  or  spelled  out  in  DOD  6055.9-STD 
and  MIL  STD  393  or  other  publications. 

31.  There  Is  a  need  to: 

a.  Establish  the  correlation  between  the  degree  of  exposure  permitted 
and  the  thermal  protection  provided  by  ultra-high-speed  deluge  systems. 

b.  Establish  what  formula  should  be  used  to  measure  heat  flux. 

c.  Establish  what  type  of  Instrumentation  should  be  used  to  measure  and 
record  heat  flux,  method  of  cal Ibratlon,  and  instrumentation  setup. 

32.  There  Is  no  universally  accepted  agreement  on  the  definition  of  deluge 
system  response  time,  although  the  most  commonly  accepted  definition  is  from 
time  ox  detection  to  water  at  the  nozzle.  The  U.S.  Army  Materiel  Command 
Safety  Manual  (AMCR  385-100)  defines  the  response  time  for  ultra-high-speed 
deluge  systems  as:  The  sensing  of  a  detectable  event  by  the  detector  to  the 
beginning  of  water  flow  from  the  critical  nozzle(s)  closest  to  the  hazard  or 
as  determined  by  the  hazard  analysis.  In  lieu  of  testing,  a  small  deluge 
system  (design  flow  rate  of  500  GPM  or  less)  shall  have  a  response  time  of  1.00 
milliseconds  and  large  deluge  system  (design  flow  rdte  of  more  than  500  GPU) 
shall  have  a  response  time  of  200  '"’’ll iseconds. 


33.  This  definition  does  not  consider  the  time  required  for  the  water  to 
travel  from  the  nozzles  to  the  hazard  being  protected.  The  high-speed  video 
tapes  of  the  portable  deluge  tests  at  Tooele  and  and  other  tests  conducted  at 
Lone  Star  Army  Ammunition  Plant  very  graphically  show  the  need  to  measure  not 
only  the  time  from  detection  to  water  at  the  nozzle  but  also  from  the  nozzle 
to  the  target  (hazard). 

34.  A  proposed  change  to  AMCR  385-100  states  that: 

a.  While  the  water  travel  time  from  the  nozzle  to  the  target  Is  not 
included  In  the  definition  of  response  time,  it  must  be  considered  in  the 
design  of  high-speed  deluge  systems. 

b.  Measurement  of  response  time  should  start  with  detector  input.  When 
a  digital  timer  Is  used,  a  saturating  UV  or  IR  source  should  be  used  to 
provide  a  source  of  UV  or  IR  Input  energy  for  the  detector. 

This  is  a  step  in  the  right  direction  but  still  does  not  completely  address 
the  total  time  required  for  response  of  a  deluge  system  or  assign  specific 
time. 

35.  In  order  to  more  precisely  define  response  time  requirements.  It  Is 
necessary  to  understand  the  Interrelation  between  development  of  an  Incident 
and  deluge  system  functions.  The  following  outlines  a  way  of  breaking  down 
the  fire  dynamics  and  deluge  system  functions  into  understandable  segments: 

a.  Ignition  Time  -  TO:  Ignition  time  Is  defined  as  the  start  of 
Ignition.  Ignition  of  an  item  Is  defined  as  self-sustained  deflagration. 

b.  Ignition  To  Sensing  Threshold  Time  -  Tl:  Ignition  to  sensing 
threshold  time  Is  defined  as  the  time  from  Ignition  until  the  buildup  of 
energy  reaches  the  sensing  threshold  of  the  sensor.  This  Is  dependent  upon 
the  configuration  of  the  Item  being  protected.  For  example,  the  Ignition  of 
propellant  from  the  bottom  of  a  hopper  may  require  more  than  a  second  to  reach 
the  surface  of  the  propellant  where  It  can  be  sensed  oy  a  detector.  If 
Ignition  occurred  on  the  surface,  the  ignition  to  sensing  threshold  period 
would  be  much  less  -  In  the  millisecond  range. 

c.  Ignition  To  Sensor  Response  Time  -  T2:  Ignition  to  sensor  response 
time  1$  defined  as  the  time  from  ignition  to  transmission  of  the  signal  to  the 
controller. 

d.  Ignition  To  Controller  Response  Time  -  T3:  Ignition  to  controller 

response  time  is  defined  as  the  time  from  Ignition  to  transmission  of  signal 
to  deluge  valve  squib  cr  solenoid.  j 

s.  Ignition  To  Valve  Opening  Time  -  T4:  Ignition  to  vilve  opening  time 
is  defined  as  the  time  from  Ignition  to  the  opening  of  the  deluge  valve 
permitting  water  to  flow. 


f.  Ignition  To  First  Water  at  che  Nozzle  Time  -  T5:  Ignition  to  first 
water  at  the  nozzle  Is  defined  as  the  time  from  Ignition  to  the  first  flow  of 

water  from  the  critical  nozzle(s).  This  is  usually  the  nczzle(s)  closest  to  i 

the  hazard  or  as  determined  by  a  hazard  analysis. 

g.  Ignition  To  First  Water  on  Target  Time  -  TS :  Ignition  to  first  water 
on  the  target  is  defined  as  the  time  from  ignition  to  the  first  drops  of  water 
to  strike  the  target  from  the  critical  nozzle(s).  There  is  usually  an  Initial 
stream  ot  water,  followed  by  a  break  in  t.ie  flew,  followed  by  a  full  flow 
pattern. 

h.  Ignition  To  Full  Flow  Water  On  Target  Time  -  T7:  Ignition  to  full 
flow  water  on  target  is  defined  as  the  time  from  ignition  to  a  fully  developed 
spray  of  water  strikes  the  target  area. 

1.  Extinguishment  Time  -  T8:  Ignition  to  extinguishment  is  defined  as 
the  time  from  ignition  to  termination  of  the  deflagration. 

36.  Deluge  system  response  time  should  be  redefined  as  total  response  time. 

This  is  the  total  time  lapse  from  detector  sensing  threshold  response  to  full 
flow  of  water  on  the  target  area  (T1-T7).  Total  response  time  consists  of  two 
segments— detection  time  (T1-T4)  and  water  delivery  time  (T4-T7).  The  total 
response  time  must  be  considered  when  designing  deluge  systems.  The  use  of 
total  response  time  provides  a  means  to  realistically  evaluate  the  required 
response  time  of  deluge  systems.  This  will  also  provide  a  baseline  for  checking 
system  response  time  during  the  annual  flow  tests  and  after  a  system  has  been 
inactive  for  an  extended  period  of  time,  or  a  system  has  been  modified. 

a.  Detection  time  is  the  time  from  detector  sensing  threshold  of  the  fire 
to  the  time  that  the  signal  is  amplified  and  fires  the  primer  in  the  water 
control  valve  or  opens  the  solenoid  valve  (T1-T4).  The  detection  time  is  the 
fastest  phase,  and  under  ideal  conditions,  can  be  accomplished  in  as  little  as 
10  milliseconds.  Factors  effecting  detection  time  include: 

(1)  Distance  between  detector  and  target. 

(2)  Type  of  flame  and  amount  of  smoke. 

(3)  Signal  processing  sensitivity. 

(4)  Detector  sensitivity. 

b.  Water  delivery  time  is  the  time  required  from  primer  firing  or 
solenoid  valve  opening  to  the  time  a  fully  developed  spray  of  water  strikes 
the  target  (T4-T7).  It  is  the  source  of  the  most  of  the  time  consumption  and 
is  dependent  on  several  factors: 

(1)  The  completeness  of  water  prime  in  the  piping  system  from  the 
,alve  to  the  nozzles.  Tests  show  this  Is  a  vitally  Important  factor,  since  an 
air  pocket  constituting  only  a  small  percent  of  the  total  volume  of  the  system 
\.ae  cause  drastic  increase  in  operating  time. 
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(2)  Water  pressure.  Both  analysis  and  tests  show  that  all  other 
factors  being  equal,  the  water  pressure  delivery  time  is  inversely 
proportional  to  the  square  root  of  water  pressure.  This  would  mean,  for 
example,  that  if  the  supply  pressure  on  a  specific  system  were  increased  from 
£0  psi  to  100  j>si,  the  water  delivery  time  would  be  reduced  by  about  40 
percent  with  all  other  factors  being  equal. 

(3)  The  distance  from  the  nozzle  to  the  hazard. 

37.  The  two  methods  frequently  used  to  check  response  time  of  ultra-high¬ 
speed  deluge  systems  are  the  digital  timer  and  the  high-speed  video  recording 
system.  This  seems  to  be  acceptable  by  most  authorizes  for  testing  deluge 
systems  in  the  field  and  also  for  periodic  maintenance  testing.  This  will 
also  provide  a  baseline  for  checking  system  response  time  during  flow  testing 
on  and  after  a  system  has  been  inactive  for  an  extended  period  of  time  or  a 
system  has  been  modified  or  worked  on. 

a.  The  digital  timing  system  consists  of  a  timing  circuit  connected  to 
a  saturating  UV  or  IR  source  at  the  detector  and  a  water  flow  switch  to 
measure  first  flow  of  water  at  the  nozzle.  Controller  output  could  also  be 
measured,  if  a  second  timing  circuit  is  used.  The  timer  Is  started  the 
instant  tne  UV  or  IR  saturating  source  is  activated  and  Is  stopped  the  instant 
first  water  leaves  the  critical  nozzles  (T1-T5).  Several  devices  can  be  used 
to  measure  first  water  at  the  nozzle.  One  consists  of  a  light  metal  disc 
approximately  2  Inches  in  diameter  held  between  electrically  conductive 
contacts.  The  water  from  the  nozzle  pushes  the  disc  out  of  the  contacts 
opening  the  circuit  and  stopping  the  timer.  Another  is  a  water  flow  switch 
which  replaces  a  nozzle.  The  measurement  of  full  water  on  the  target  is  more 
difficult  (71-T7).  Gne  method  would  be  to  place  two  electrically  conductive 
screens  on  top  of  each  other,  but  sufficiently  separated  so  that  a  complete 
circuit  Is  made  only  when  water  pass  through  the  screens.  The 

screens  would  need  to  be  large  enough  to  ensure  the  first  water  hit  them, 
possibly  1  foot  square.  The  digital  timer  is  well  suited  for  routine 
measurement  of  response  time  by  maintenance  technicians  at  ammunition  plants 
and  depots.  It  is  inexpensive,  easy  to  operate,  and  can  be  quickly  set  up  and 
torn  down. 

b.  The  high-speed  video  system  consists  of  a  camera,  recorder,  and 
monitor.  The  system  is  capable  of  recording  60  to  300  frames  per  second  or  up 
to  3.3  frames  per  millisecond.  The  system  provides  a  practical  way  to  measure 
total  system  performance  from  initiation  to  suppression  (T0-T8).  The  first 
visible  Indication  of  an  incident  can  be  identified  long  before  the  detector 
Is  saturated.  The  digital  timer  can  only  be  activated  when  the  detector  is 
saturated.  The  high-speed  video  recording  system  costs  less  than  $20,000.  It 
can  also  be  rented.  It  is  the  ideal  tool  for  measuring  total  system 
performance  (T0-T8),  compliance  with  criteria  specified  in  contract  documents, 
evaluating  new  or  modified  systems,  and  determining  total  system  response  time. 

38.  Tnere  is  a  need  to: 

a.  Redefine  response  time  as  “The  time  from  detector  input  to  full  water 
at  tne  hazard  (target)". 
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b.  Determine  what  are  appropriate  total  response  times. 

c.  Determine  the  method(s)  used  to  measure  response  time. 

39.  The  AMCCOM  Safety  Office  has  submitted  four  scopes  of  work  to  the  U.S. 
Army  Safety  Center  for  research  and  development  projects  on  ultra-high-speed 
deluge  systems.  One  of  the  proposed  projects  deals  with  heat  flux,  while 
another  deals  with  response  time.  The  remaining  projects  deal  with  deluge 
system  design  and  Installation.  See  appendix  C  for  copies  of  the  scopes  of 
work. 

40.  A  list  of  technical  reports  is  provided  at  appendix  D,  and  a  list  of 
other  references  is  provided  at  appendix  E.  These  were  utilized  in  the 
preparation  of  this  paper.  Additional  technical  material  was  provided  by  the 
following  persons: 

a.  Mr.  Paul  Kennedy,  Day  &  Zlmmermann,  Inc.,  Kansas  AAP. 

b.  Mr.  Jerry  Miller,  AED,  Tooele  Army  Depot. 

c.  Mr.  Gene  Burns,  Day  &  Zimmermann,  Inc.,  Lone  Star  AAP. 

d.  Mr.  Gary  Fadorsen,  Automatic  Sprinkler  Corporation. 

e.  Mr.  Ken  Klapmeier,  Detector  Electronic,  Inc. 

f.  Mr.  George  O'Brien,  U.S.  Army  Production  Base  Modernization  Activity. 

41.  The  point  of  contact  for  this  paper  is  Mr.  Robert  Loyd,  U.S.  Army 
Armament,  Munitions  and  Chemical  Command,  ATTN:  ASSMC-SFP,  Rock  Island,  IL 
61299-6000.  Telephone:  commercial  (309)  782-2975/2182  and  AV  793-2975/2182. 
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FIGURE  2 

PRESSURE  TRANSDUCER  STANDS,  CAMERAS,  AND  CCTV 
LOCATIONS  BUILDING  1379 


l 


FIGURE  4A 


655 


APPENDIX  A 

DRAFT  PURCHASE  SPECIFICATION 


The  proposed  purchase  specifications  for  the  portable  ultra-high-speed  deluge 
system  were  developed  by  Day  &  ZiiUKorntann,  Kansas  Division,  under  contract 
with" the  U.S.  Army  Production  Base  Modernization  Activity. 


Proposed  purchase  specification  is  net  approved  for  release.  Release  is  expected 
in  Sep  or  Oct  1988.  Please  contact  Robert  Loyd,  U.S. Array  Armament  Fimition  and 
Chemical  Ccstmand,  ATTN:  AMS-E-SFP,  Rock  Island,  IL  61299-6000.  Telephone  is 
ccmsarioal:  (309)  782-2975/2182  or  Autovon  793-2975/2182. 
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DELUGE  VALVES 

There  are  three  major  types  of  deluge  values.  They  are  the  solenoid-operated 
valve,  squib-operated  valve,  and  the  explosive  rupture  disc.  A  brief 
description  of  each  is  provided  below: 

a.  The  solenoid  valve  uses  a  pilot-operated  deluge  valve  located  behind 
each  nozzle.  It  operates  on  a  pressure  differential  basis.  When  a  signal  is 
received  from  the  controller,  pressure  in  the  pilot  line  is  released.  This 
permits  the  valve  to  open  and  water  to  flow  from  the  nozzle. 

b.  The  squib-operated  valve  uses  an  explosive  squib  to  open  a  single 
deluge  valve.  This  permits  line  water  pressure  to  be  applied  to  the  priming 
water,  located  between  the  valve  and  the  nozzles,  causing  the  rupture  discs 
or  caps  to  blow  off  the  nozzles. 

c.  The  explosive  rupture  disc  system  does  not  use  a  valve.  There  is  an 
explosive  disc  located  behind  eacn  nozzle.  When  a  signal  Is  received  from  the 
controller,  the  explosive  disc  Is  fired,  permitting  water  In  the  piping  behind 
the  disc  to  flow. 
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SCOPES  OF  WORK  -  ULTRA-HIGH-SPEED  DELUGE  SYSTEMS 

The  U.S.  Army  Armament,  Munitions  and  Chemical  Command  has  submitted  four 
scopes  of  work  dealing  with  ultra-high-speed  deluge  systems  to  the  U.S.  Army 
Safety  Center  for  possible  funding  as  research  and  development  projects.  The 
scopes  of  work  are  provided  below: 

Title:  Correlation  of  the  Thermal  Flux  Protection  Requirement  with  the 
Protection  Provided  by  Ultra-High-Speed  Deluge  Systems. 

Problem  Statement:  Army  ammunition  plants  and  depots  perform  various 
ammunition-related  operations  involving  production,  maintenance,  renovation, 
surveillance,  and  demil.  Tne  DOD  Ammunition  and  Explosives  Safety  Standards 
(D00  6055.9-STD)  requires  that  where  thermally  energetic  materials  are  handled 
that  have  a  high  probability  of  ignition  and  a  large  thermal  output,  they  must 
be  protected  with  an  ultra-high-speed  deluge  system  capable  of  protecting 
personnel  and  limiting  exposure  to  not  more  than  0.3  calories  per  square 
centimeter  per  second  {first-degree  burns).  A  similar  requirement.  Is 
contained  in  AMCR  385-100,  AHC  Safety  Manual. 

Tne  correlation  between  the  degree  of  exposure  permitted  and  the  thermal 
protection  provided  by  ultra-high-speed  deluge  systems  has  never  been  clearly 
'.afined  or  established. 

Furthermore,  a  different  thermal  exposure  standard  is  used  in  MIL  STD  398 
(Shields,  Operational  For  Ammunition  Operations,  Criteria  for  Design  of  and 
Tests  for  Acceptance).  The  heat  flux  value  is  established  using  the  following 
equation: 

Heat  Flux  *  0.62t‘-7423  where 

Heat  Flux  *  heat  flux  in  cal/cm^/sec 

t  «  total  time  in  seconds  that 
a  person  is  exposed  to  the 
radiant 

The  value  used  in  the  DOD  6055.9-STD  and  AMCR  385-100  is  an  absolute  value 
while  the  value  used  in  MIL  STD  398  is  base  on  total  exposure  time.  The 
formulas  should  be  evaluated  to  determine  which  formula  or  combination  is  the 
best,  then  determine  if  the  formula  selected  needs  to  be  modified  or  change. 

The  Instrumentation  used  to  measure  heat  flux,  method  of  calibration,  and 
Instrumentation  setup  is  not  clearly  defined  or  spellad  out  in  MIL  STD  398  or 
other  publications. 

Research  objective:  To  establish  the  correlation  between  the  degree  of 
exposure  permitted  and  the  thermal  protection  provided  by  ultra-high-speed 
deluge  systems.  To  establish  what  formula  should  be  used  to  measure  heat 
flux.  To  establish  what  type  of  instrumentation  should  be  used  to  measure  and 
record  heat  flux,  method  of  calibration,  and  instrumentation  setup. 
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Title:  Computer  Model  for  Design  of  Ultra-high-speed  Deluge  System 

Problem  Statement:  Array  ammunition  plants  and  depots  perform  various 
ammunition  related  operations  involving  production,  maintenance,  renovation, 
surveillance,  and  da-nil.  The  DOD  Ammunition  and  Explosives  Safety  Standards 
(DOD  6055.9-STQ)  requires  that  "In  those  areas  of  facilities  where  exposed 
thermally  energetic  materials  are  handled  that  have  a  high  probability  of 
ignition  and  a  large  thermal  output,  ...  a  fire  detection  and  extinguishing  f 
system  that  is  sufficiently  quick  acting  and  of  adequate  capacity  to 
extinguish  potential  flash  fires  in  their  incipient  state  will  protect  both 
workers  and  property".  A  similar  requirement  is  contained  in  AMCR  385-100, 

AMC  Safety  Manual. 

The  design.  Installation,  maintenance,  and  testing  of  ultra-high-speed  deluge 
systems  for  ammunition  applications  involves  a  technology  which  is 
substantially  different  from  that  associated  with  automatic  sprinkler  systems. 
Due  to  the  speed  of  water  delivery  from  all  nozzles,  ultra-high-speed  deluge 
systems  are  highly  dependent  on  the  detection  system,  piping  network,  nozzles, 
and  water  supply  characteristics;  therefore,  the  design,  installation, 
maintenance,  and  testing  of  ultra-high-spaed  deluge  systems  must  be  performed 
by  experienced  personnel  who  thoroughly  understand  the  limitations  and 
capabilities  of  these  systems  and  the  characteristics  of  the  energetic 
material  involved. 

However,  this  is  usually  not  the  case.  Deluge  systems  are  frequently 
assembled  rather  than  designed.  Once  It  has  been  decided  to  Install  a  deluge 
system,  design  is  often  accomplished  by  selecting  the  components  based  on 
personnel  experience  and  installing  them  as  best  as  possible  to  deal  with  a 
hazard  that  Is  not  completely  defined.  Once  a  system  is  installed,  there  is 
usually  little  thought  given  to  maintenance  or  testing  requirements. 

The  improper  design  or  Installation  of  ultra-high-speed  deluge  systems  has 
resulted  In  numerous  false  systems  activations  resulting  in  large  loss  of 
product,  downtime,  and  water  damage,  and  systems  that  provides  little  or  no 
protection  due  to  Improper  Section  and/or  placement  of  nozzles  and  detectors 
for  a  hazard  that  has  not  been  adequately  defined.  The  testing  and  evaluating 
the  effectiveness  of  ultra-high-speed  deluge  systems  with  a  variety  of 
energetic  materials  with  different  equipment  configurations  is  time  consuming 
and  expensive.  The  development  of  a  computer  model  would  make  it  possible  to 
evaluate  a  large  variety  of  energetic  materials  and  equipment  configurations 
used  in  the  manufacturing,  renovation,  and  ammunition.  This  should  be  an  # 
extension  of  the  work  already  done  in  this  area  and  reported  in  U.S.  Army 
Armament  Research  and  Development  Command  Report,  AD-E400  315,  dated  May  1979, 
entitled  "Dynamic  Model  of  Water  Deluge  System  for  Propellant  Fires". 

The  following  factors  should  be  considered  In  any  model  developed:  quantity 
of  exposed  material;  initiation  sensitivity;  heat  output;  rate  of  burning; 
potential  ignition  and  initiation  sources;  munitions  configuration;  water  flow 
rate;  time  to  detection,  time  to  extinguishment;  water  pressure;  water 
density;  water  application  rate;  pipe  size;  pipe  layout,  nozzle  spray  pattern; 
number  of  nozzles;  nozzle  location;  deluge  valve  location;  pressure  raise  of 
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the  energetic  material;  change  in  energetic  material  temperature;  process 
equipment  layout;  packing  Jersity  of  the  energetic  material;  volume  of 
energetic  material;  heat  of  combustion;  grain  shape  and  size;  water  travel 
dfstance/time  from  nozzle  to  hazard. 

Research  Objective:  To  develop  a  computer  model  to  aid  in  the  design  and 
testing  of  ultra-high-speed  deluge  systems. 

Phase  I:  Perform  literature  search  to  identify  work  that  has  already  been 
done  In  this  and  related  areas. 

Phase  II:  Develop  and  test  a  computer  model  to  aid  in  the  design  and  testing 
of  ultra-high-speed  deluge  systems. 


TITLE:  Design,  installation,  maintenance,  and  testing  of  ultra-high-speed 
deluge  systems  for  ammunition  operations  at  ammunition  plants  and  depots. 

Problem  Statement:  Army  ammunition  plants  and  depots  perform  various 
ammunition-related  operations  involving  production,  maintenance,  renovation, 
surveillance,  and  demil.  The  DCQ  Ammunition  and  Explosives  Safety  Standards 
(DOD  6055.9-ST0)  requires  that  "In  those  areas  of  facilities  where  exposed 
thermally  energetic  materials  are  handled  that  have  a  high  probability  of 
ignition  and  a  large  thermal  output,  ...  a  fire  detection  and  extinguishing 
system  that  is  sufficiently  quick  acting  and  of  adequate  capacity  to 
extinguish  potential  f’ash  fires  In  their  incipient  state  will  protect  both 
workers  and  property".  A  similar  requirement  is  contained  in  AMCR  335-100, 

AMC  Safety  Manual. 

The  design,  installation,  maintenance,  and  testing  of  ultra-high-speed  deluge 
systems  for  ammunition  applications  involves  a  technology  which  is 
substantially  different  from  that  associated  with  automatic  sprinkler  systems. 
Due  to  the  speed  of  water  delivery  from  all  nozzles,  ultra-high-speed  deluge 
systems  are  highly  dependent  on  the  detection  system,  piping  network,  nozzles, 
and  water  supply  characteristics;  therefore,  the  design,  installation, 
maintenance,  and  testing  of  ultra-high-speed  deluge  systems  must  be  performed 
by  experienced  personnel  who  thoroughly  understand  the  limitations  and 
capabilities  of  these  systems  and  the  characteristics  of  the  energetic 
material  Involved. 

However,  this  is  usually  not  the  case.  Deluge  systems  are  frequently 
assembled  rather  than  designed.  Once  it  has  been  decided  to  Install  a  deluge 
system,  design  Is  often  accomplished  by  selecting  the  components  based  on 
personnel  experience  and  installing  them  as  best  as  possible  to  deal  with  a 
hazard  that  Is  not  completely  defined.  Once  a  system  is  installed,  there  is 
usually  little  thought  given  to  maintenance  or  testing  requirements. 

The  improper  design  or  installation  of  ultra-high-speed  deluge  systems  has 
resulted  in  numerous  false  systems  activations  resuiting  in  large  loss  of 
product,  downtime,  and  water  damage,  and  systems  that  provide  little  or  no 
protection  due  to  Improper  selection  and/cr  placement  of  nozzles  and  detectors 
for  a  hazard  that  has  not  been  adequately  defined.  The  total  fire  protection 
requirements  for  the  operation  are  frequently  not  considered.  In  more  than 
one  instance,  an  ultra-high-speed  deluge  system  has  been  installed  in  a 
building  already  protected  by  an  automatic  sprinkler  system  or  manual  deluge 
system  without  regard  to  how  the  systems  will  interact  should  an  incident 
occur.  The  definition  of  response  time  and  how  it  is  measured  must  also  be 
considered. 

Research  objective:  There  is  a  need  for  a  handbook  on  ultra-high-speed  deluge 
systems.  It  would  provide  information  on  the  design,  installation,  maintenance, 
and  testing  of  ultra-high-speed  deluge  systems  used  in  ammunition  operations 
that  are  well  defined.  The  handbook  would  be  used  by  Installations,  head¬ 
quarters,  Corps  of  Engineers,  and  outside  engineering  design  and  consulting 
firms.  To  accomplish  this,  a  three-phase  effort  is  required.  It  would 
include  a  literature  search,  testing,  and  preparation  of  the  handbook. 


Phase  I  would  consist  of  a  literature  search  to  Identify  and  evaluate  work 
that  has  already  been,  done  and  that  could  be  utilized  In  the  development  of  a 
handbook  for  ultra-high-speed  deluce  systems.  A  test  plan  would  be  prepared 
to  assemble  additional  Information  needed  for  the  development  of  the  handbook 

Phase  II  would  be  Involve  testing  needed  to  develop  the  handbook.  Specific 
topics  should  include:  typical  munition  items  and  configurations;  detector 
type,  location,  and  sensitivity  setting;  nozzle  type  and  location;  water 
pressure;  water  application  density;  deluge  valve  location;  locations  of  air 
bleeders;  system  response  time;  water  travel  distance  from  nozzle  to  hazard; 
definition  of  response  time;  and  methods  of  measuring  response  time. 

Phase  III  would  involve  the  preparation  of  a  handbook  for  the  design, 
installation,  maintenance,  and  testing  of  ul era-high-speed  deluge  systems 
utilized  in  ammunition  operations. 
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Title:  Improved  Ultra -High-Speed  Deluge  System  for  M42/M46  Grenade  Presses. 

Problem  Statement:  During  the  consolidation  of  Composition  A-5  into  K*2  and 
M46  grenade  bodies,  numerous  press  blows  have  occurred.  Three  of  these  have 
propagated  to  the  hopper  and  resulted  in  the  detonation  of  up  to  15  pounds  of 
Ccmpesition  A-5.  These  incidents  have  resulted  in  major  damage  to  M42/M46 
grenade  production  facilities.  The  pressing  operations  are  protected  by 
ultra-high-speed  deluge  systems.  They  functioned  as  designed,  but  even  with 
their  50  to  200  millisecond  response  time,  failed  to  prevent  propagation  to 
the  hopper.  Propagation  appears  to  be  via  Composition  A-5  spilled  on  the  dial 
(rotating  table).  It  is  estimated  the  time  between  Initiation  of  the 
Composition  A-5  on  the  dial  and  propagation  to  the  hopper  was  approximately  24 
milliseconds.  The  M42/M46  grenades  are  a  submunition  that  is  placed  In  the 
M483,  155mm,  and  M509,  8-1nch  projectiles. 

Research  Objective:  To  determine  if  a  faster  responding  deluge  system  can 
prevent  a  detonation  on  the  dial  from  propagating  to  the  hopper.  Many  things 
affect  the  response  tfw?e  of  ultra-high-speed  deluge  systems  including: 
detector  locations*,  detector  type;  deluge  vilve  type;  nozzle  type;  nozzle 
location;  water  flow  rate;  and  water  pressure.  To  achieve  this  objective  the 
following  areas  must  be  looked  at: 

a.  Determine  the  quantity  and  configuration  of  Composition  A-5  that  Is 
spilled  on  the  dial,  and  then  determine  the  propagation  rate  of  the 
Composition  A-5  on  the  dial,  and  the  total  time  from  initiation  to  Incident 
propagating  to  the  hopper. 

b.  Determine  the  best  type  of  detection  system;  e.g.,  UV,  IR,  pressure, 
or  sound. 

c.  Determine  the  best  location  and  number  of  detectors. 

4.  Determine  the  best  type  of  deluge  valve;  e.g.,  squib,  solenoid,  or 
explosive  rupture  disc. 

e.  Determine  the  best  type  of  nozzle;  e.g.,  wioe  angle,  medium  angle,  or 
narrow  angle. 

f.  Determine  the  best  location  and  number  of  nozzles. 

g.  Determine  the  best  flow  rate;  pressure;  and  source;  e.g.,  installation 
water  system;  pressure  tank;  or  elevated  tan*. 
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TECHNICAL  REPORTS  ON  DELUGE  SYSTEMS 

1.  Design  of  a  Deluge  System  to  Extinguish  Lead  Azide  Fires,  No.  AD-E400  204, 
Aug  78,  approved  for  public  release  (APR). 

2.  Evaluation  of  Pyrotechnic  Fire  Suppression  System  for  Six  pyrotechnic 
Compositions,  No.  A0-E401  306,  Mar  85,  APR. 

3.  Engineering  Guide  for  Fire  Protection  and  Detection  Systems  at  Army 
Ammunition  Plants,  Vol  I  (Selection  and  Design),  No.  AD-E40G  531,  Dec  80,  APR. 

4.  Engineering  Guide  for  Fire  Protection  and  Detection  Systems  at  Army 
Ammunition  Plants,  Vol  II  (Testing  I  Inspection),  No.  AD-E400  874,  Dec  82, 
distribution  limited  to  U.S.  Govt  Agencies  only  -  contains  proprietary 
Information. 

5.  On-site  Survey  and  Analysis  of  Pyrotechnic  Mixer  Bays,  No.  AD-E401  141, 

Feb  84,  APR. 

6.  Feasibility  Study  to  Develop  a  Hater  Deluge  System  for  Conveyor  Lines 
Transporting  High  Explosives,  Tech  Rpt  No.  4889,  Aug  75,  APR. 

7.  Development  of  a  Hater  Oeluge  System  to  Extinguish  M-l  Propellant  Fires, 

No.  EDO  217,  Sep  78,  APR. 

8.  Design  of  a  Hater  Deluge  System  to  Extinguish  M-l  Propellant  Fires  in 
Closed  Conveyors,  No.  A0-E4Q0  216,  Sep  78,  APR. 

9.  Fire  Suppression  System  Safety  Evaluation,  No.  AD-E401  063,  Oec  83,  APR. 

10.  Dynamic  Modal  of  Water  Oeluge  System  for  Propellant  Fires,  Mo.  A0-E400 
315,  May  79,  APR. 

11.  Deluge  Systems  in  Army  Ammunition  Plants,  prepared  by  Science 
Applications,  Inc.,  for  the  U.S.  A ray  Munitions  Production  Base  Modernization 
Agency,  30  Cun  81. 

12.  Minutes  of  the  Rapid  Action  Fire  Protection  System  Seminar,  U.S.  Army 
Armament,  Munitions  and  Chemical  Command,  23-?4  Oct  84. 

13.  Fire  Protection  Systems  Utilized  In  U.S.  Army  Munition  Plants,  Robert 
Loyd,  U.3.  Army  Armament,  Munitions  end  Chemical  Command,  No.  A192447, 

3C  Nov  68. 

14.  Ultra  H*gb  Speed  Delug*  Systems,  Robert  Loyd,  U.S.  Army  Armament, 
Munitions  and  Chemical  Command,  27  Jul  87. 

15.  Portable  High  Speed  Deluge  Cost  Effective  Explosion  Suppression,  Gary 
Fadorsen,  Automatic  Sprinkler  Inc.,  8  Mar  88. 
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16.  Portable  Ultra -HI ah -Speed  Deluge  System,  Day  &  Zimmermann  Kansas 
Division,  Paul  Kennedy  (Prepared  for  the  U.S.  Army  Production  Base 
Modernization  Activity). 

Most  of  these  reports  can  be  ordered  from  the  Defense  Technical  Information 
Canter,  Cameron  Station,  Alexandria,  V A  22314.  Their  telephone  number  is 
AV  284-7633. 
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ULTRA  HIGH  SPEED  DELUGE  FOR  SUPPRESSION  OF  FIRE 
AND  EXPLOSION  IN  HIGH  ENERGY  CHEMICAL  PROCESS  FACILITIES 
Gary  A.  Fedcrsen 
August,  1S88 

High  Spsed  Deluge  for  the  suppression  of  firs  and  explosion  In 
explosive,  pyrotechnic  and  propellant  manufacturing  process 
facilities  hss  become  widely  accepted  and  has  proven  to  be  a  viable 
life-safety  system.  Over  the  past  fifteen  years  there  have  been 
■any  Improvements  In  both  ths  electrical  and  mechanical  design  of 
these  high  speed  deluge  systems.  Because  of  the  many  different 
chemical  compositions  and  processes  Involved  In  the  high  energy 
chemical  field,  It  Is  Impossible  to  writs  an  effective  generic 
coverall  sped fl cation  for  high  speed  fire  protection.  Actual  burn 
testing  Involving  tho  product  and  the  specific  process  would 
provide  Information  for  writing  Improved  specifications,  at  thlr 
point  burn  testing  with  high  spaed  deluge  Is  still  In  Its  Infancy. 

A  great  dee l  of  work  needs  to  bs  dons  In  this  particular  field. 

The  tests  that  were  done  et  Toole  Army  Anno  Depot  In  March,  1988, 
using  nitrocellulose  type  propellents  are  s  good  example  of  ths 
type  of  testing  that  needs  to  be  done.  If  nothing  alss,  actual 
burn  testa  should  emphaslza  and  Illustrate  the  different 
possibilities  and  acanarloe  that  can  crop  up  In  a  particular 
application.  Actual  burn  testing  provides  an  enormous  amount  of 
data  such  as  the  hazards  that  the  personnel  are  exposed  to,  ths 
effect  of  response  time  on  the  particular  high  energy  compound.  It 
la  useful  to  determine  the  distance  of  nozzles  eud  dstectors,  to 
establish  a  cone  of  view  for  the  detectors  and  also  to  establish 
patterns  fcr  nozzles  so  that  they  can  be  used  most  effectively. 

In  ths  past,  there  have  been  large  amounts  of  money  spent  on 
Ineffective  high  speed  delu-e  systems.  Although  this  product  burn 
testing  Is  fairly  expensive,  I  believe  the  long  term  savings  In 
both  lives,  equipment  and  dollars  would  wsrrsnt  more  of  this  type 
of  experimentation. 


The  following  paper  describes  just  a  few  of  the  nany  ui  i  ■  ^  jh 

energy  chemical  caeipounds  end  processes  that  are  encountered  by  the 
safety  engineer.  The  paper  Is  a  reprint  of  one  presented  In  July, 
1838,  at  tiie  INTERNATIONAL  PYROTECHNICS  SOCIETY'S  THIRTEENTH 
SEHIwAfi  IN  GRAND  JUNCTION,  COLORADO. 

Consider  inn  the  snail  assnunt  nf  exposure,  I  though  It  appropriate 
and  perelsenble  to  reprint  the  paper  for  the  DEPARTMENT  OF  DEFENSE 
EXPLOSIVE  SAFETY  COARD ,  23RD  SEMINAR,  AUGUST,  1888. 


SYSTEM  DESIGN 


The  topic  of  discussion  Is  High  Speed  Deluge  for  explosion  fire 
protection.  However  high  speed  deluge  Is  probably  not  the  easiest 
nor  doee  It  rank  a*  the  highest  priority  of  all  the  eafety  aethoda 
end  procaduree  utilized  In  the  high  energy  chemical  field.  It  la 
not  a  cure  for  ell  cases.  Often  explosive  safety  can  bn  obtained 
by  both  obvious  and  relatively  Inexpensive  aeons.  For  Instance, 
nutting  down  on  batch  size,  continuous  mix  operations  (screw 
extruder  mixers) , training  personnel  end  newer  law  sensitive 
compounds.  Unfortunately,  In  the  real  world,  this  la  not  always 
possible,  economical  or  applicable.  There  are  eases  whore  wa  will 
have  personnel  working  with  a  hazardous  mix  and  In  quantities  that 
could  do  some  eubetontlal  damage.  Hopefully,  In  the  near  future, 
all  hazardous  processes  will  be  remote  operations  leaving  the 
operators  safe  and  out  of  the  hazard  arse.  Even  If  this  were  the 
case,  the  property  coats  Involved  If  there  was  an  Incident,  often 
would  warrant  some  sort  of  protection  or  explosion  prevention. 

In  very  broad  tarns  there  ara  two  (2)  basic  criteria  that  must 
be  met  in  an  explosion  suppression  system.  (1)  It  ha*i  to  be  fast 
enough  to  porforst  the  task  bafora  tho  incident  gata  beyond  the 
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.point  whsr*  suppression  Is  Ineffective.  (2}  If  the  fire  or 
explosion  Is  meant  to  be  suppressed  or  extinguished,  the  proper 
suppressant  must  be  used.  In  the  case  of  energetic  chemical 
compounds,  chenlcal  extinguishments  (C02,  Halon,  Dry  Chemical)  ere 
not  usually  effective  or  feasible.  The  esln  reason  being,  that,  In 
energetic  chsnicet  nixes  (for  exempts  explosives,  pyrotechnics,  and 
propellants)  there  Is  sn  oxidizer  that  provides  the  oxygen  required 
to  sustain  combustion.  A  few  examples  of  oxidizers  are  ammonium 
perchlorate,  potasslua  nitrate,  sodlun  nitrate,  etc. 

The  function  of  the  water  as  a  firs  suppressant  Is  to  disperse 
and  cool  the  mixture  to  halt  the  chenlcal  reaction.  Othar 
extinguishments  such  as  CQ2,  dry  chemical,  Halon,  would  not  be  able 
to  parforn  as  well  as  water  or  at  all  In  sene  cases,  because  their 
operation  Is  based  on  snotharlng  or  cutting  off  oxygen  to 
extinguish  the  firs. 

The  speed  necessary  to  halt  the  explosion  and  deflagration  Is 
dependent  on  nany  variables  Including  the  type  af  mixture  being 
processed,  the  type  of  process  (whether  It  be  an  enclosed  vessel, 
sn  extrusion,  nixing,  drying,  prssslng,  etc.)  end  the  proximity  of 
the  personnel  and  erltlcal  equipment.  Thera  are  seas  cases  where 
the  only  alternative  or  option  Is  to  slltnr  It  to  burn.  Conversely, 
there  are  Instances  In  which  high  speed  deluge,  with  reaction  time 
In  milliseconds,  (usually  lees  than  100  ml lllaaconds)  la  necessary 
to  protect  tha  lives  of  personnel  or  costly  equipment. 

Sene  variables  that  may  Influence  the  speed  of  deflagration 
are,  mass  of  the  compound,  density,  temperature,  nolstura  or 
solvent  content,  the  physical  geometric  shape  of  particle  size  of 
tha  compound,  and  whether  or  not  tha  substance  Is  contained.  Tha 
elesslc  example  of  how  different  containments  could  affect  tha 
burning  characteristics  of  oxplcolvsa  Is  In  tha  exempt 3  of  black 
powder.  Black  powder,  one  of  tha  oldest  and  most  versatile 


explosives,  when  burned  In  an  open  long  train  la  relatively  slow 
burning  and  it-  s<\.  itimse  used  as  a  fuss.  Confined  with  one  end 
open  for  exhaust,  black  powder  can  be  used  as  a  rocket  props l lent. 
Khan  contained  In  a  fairly  rigid  container,  black  poedar  could 
become  explosive  with  deflagration  speeds  reaching  detonation. 

High  speed  deluge  systems  are  sometimes  Installed  with  r.o 
thought  or  knowledge  as  to  the  hazards  that  they  are  to  protect. 
Often,  the  system  Is  designed  or  procured  around  specifications 
written  for  a  completely  different  process.  It  is  the 
responsibility  of  both  the  user  and  the  vendor  or  contractor  to  be 
knowledgeable  of  both  the  processes  and  hazards  Involved  and  the 
variety  and  capabilities  of  different  suppression  systems  available 
to  meet  the  need.  It  Is  not  uncommon  to  see  deluge  systems  that 
are  specified  for  fifty  (50]  milliseconds  reaction  tins.  Installed 
sometimes  fourteen  (14]  feet  above  the  hazard,  providing  generaL 
overall  coverage.  Applications  like  this  are  a  waste  of  effort  and 
provide  an  Ineffective,  unsafe  system.  It  Is  essential  to  get  both 
detection  and  water  spray  nozzlaa  as  close  es  possible  to  the 
hazard.  In  most  cases,  this  will  also  save  on  system  cost. 

There  are  many  cases  where  various  protection  systems  will 
provide  adequate  safoty.  Aloo,  there  era  Instances  where  only  one 
(1)  specific  type  system  will  handle  the  task.  Alternately,  one 
may  encounter  cases  where  a  hybrid  or  combination  of  two  (2J 
systems  would  provide  the  necessary  safety  margin.  For  example, 
high  speed  deluge  combined  with  rupture  disc  or  over  pressure 
release  mechanisms.  Another  example  may  be  high  spssd  deluge 
combined  with  product  shut-off  mechanisms  to  stop  the  flow  of 
hazardous  material. 

The  following  are  a  few  basic  guidelines  tc  consider  when 
designing  or  specifying  a  high  speed  deluge  system.  For  the  sake 
of  clarity,  energetic  chemicals  are  broken  down  Into  three  (3J 
basic  groups.  The  categories  are  High  Explosives,  Pyrotechnics/Low 
Explosives  and  Propellants. 
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HIGH  PLOSIVES 


Often,  the  first  thoughts  or  reactions  to  high  speed  deluge 
protection  for  high  explosives  is  that  thsre  Is  no  fire  protection 
system  that  could  stop  the  detonation  process  when  the  explosive 
goes  to  a  high  order  state  end  this  of  course  is  very  true.  But, 
in  many  cases  prior  to  the  explosion,  there  is  a  fire.  Examples  of 
high  explosives  process  applications  are  extrusion  dies  for  C-4 
explosives  or  a  TNT  melt  kettle.  In  these  situations,  there  lee 
good  chance  that  there  will  be  a  fire  preceding  the  explosion.  The 
fire  could  start  and  propagate  until  the  pressure  build-up  was 
enough  that  we  achieve  high  order  detonation  or.  In  other  words,  a 
cook-off  type  of  reaction.  In  this  situation  high  speed  deluge 
would  ba  quite  feasible  In  stopping  the  Initial  fire  which  precedes 
possible  explosion.  Again,  dealing  with  high  explosives  the 
processes  must  ba  considered.  For  example,  a  TNT  malt  kattla  1o  a 
closed  vessel  with  a  steam  heat  Jacket,  In  most  cases,  operating  at 
approximately  180  degrees  fahranhait.  Often  the  enclosure  Is 
operated  at  a  slight  vacuum.  Presently,  one  of  the  bast  ways  to 
attack  the  situation  Is  to  provide  Infra-red  detection  within  the 
malt  kettle.  With  this  In  mind,  Infra-red  flame  detection  at  tho 
present  state  of  the  art  Is  susceptible  to  ambient  light.  Design 
consideration  should  be  cada  to  dlseble  the  Infra-red  detection 
when  the  melt  kettle  Is  open  either  for  cleaning  or  for  adding 
material.  Infra-red  detection  la  lass  susceptible  to  the 
attenuation  due  to  dirty  lens  caused  by  steam,  smoke  or  particles 
than  It's  ultra  violet  counterpart.  So,  In  this  case,  Infra-rad 
detection  lends  Itsolf  to  s  fairly  good  design  option.  Also,  in 
the  cess  of  e  TNT  malt  kettle,  flooding  of  the  kettle  with  water  is 
nBcesssry.  There  Is  no  need  for  special  spray  nozzle  patterns  In 
this  situation.  The  objective  would  be  to  get  as  much  water  as 
possible  Into  the  kettle  for  the  flooding  action  to  extinguish  the 
fire.  Deluga  speed  In  this  case  is  essential.  Due  to  the  fact 
that  we  have  an  enclosed  vessel  and  a  fire  situation  could  build 
pressure  rapidly  In  the  vessel,  possibly  to  a  point  high  enough  to 
cause  detonation.  One  othar  option  for  melt  kattles  may  be  quick 
release  venting,  either  mechanical  gate  or  rupture  disc  method. 
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A  coeoon  proceas  In  h'.h  exploeiva  product  aanufacture  is 
casting.  Of  tan  tines  TNT,  RDX  or  HMX  type  Qatari  ale  are  castad  Into 
a  shall,  fcc»b,  cr  a  sine  housing.  Zn  this  situatlcn  we  have  a 
molten  explosive  being  physically  poursd  Into  a  chaabar.  There  Is 
a  chance  for  spilling,  overflew  and  there  Is  exposed  explosive 
often  froa  the  ejection  point  to  the  fill  area.  For  casting  end 
filling,  ultra-violet  detection  with  high  speed  deluge  nozzles  as 
close  ae  possible  to  the  hazard  are  rscoutacndad.  Since 
ultra-violet  detection  Is  not  susceptible  to  noraal  asbient  light. 
It  would  be  the  least  troublesome  end  beneficial  type  of 
detection.  Again  bring  your  nczzloe  as  close  as  possible  to  the 
hazard. 

Extrusion  Is  a  process  encountorsd  with  explosives.  For 
instance,  extruding  C-4  explosive  blocks.  One  possible  source  of 
fire  la  at  th9  extruder  die.  As  the  explosive  leaves  the  extruder 
die,  there  la  often  friction  ami  the  explosive  Is  under  pressure 
■eking  this  a  likely  ignltlcn  point.  Ultra-violet  detection,  with 
nozzles  as  close  to  the  hazard  as  possible  would  be  a  viable  aathod 
to  help  prevent  an  Incident. 

High  explosive  aelt-out  or  steam-out  is  an  application  for  high 
speed  deluge.  The  design  would  hBve  to  vary  with  the  particular 
process  involved,  which  Is  actually  acre  dependant  on  the  aunltigne 
Involved  In  the  meltdown.  A  dsall  {demilitarization]  process  often 
encountered  is  ths  belt  f taker  or  "candy  aeker".  In  the  belt 
f laker  the  high  explosive,  often  TNT  or  RDX  Is  Belted  end  extruded 
onto  a  stainless  steel  water  cooled  conveyor  bait.  Ae  the  conveyor 
■oves  along,  the  explosive  solidifies  end  breaks  off  et  the  end  end 
1 8  either  boxed  or  sent  on  to  other  processes.  Detectors 
(ultra-violet]  should  be  pieced  within  the  conveyor  hood.  Nozzles 
are  installed  within  the  hood  as  closa  as  possible  to  the  hazard. 
Decause  of  the  presence  of  steam  end  vapors,  it  Is  raccnanended  that 
sir  shields  ere  usad  to  keep  the  detector  lenses  clean  end  aelntaln 
the  system  Integrity. 


PYROTECHNICS/USf  EXPLOSIVES 


Design  considerations  for  low  explosives  *111  be  ccablned  with 
pyrotechnics,  since  many  of  the  Methods  for  detection  end 
suppression  are  the  seae.  Items  that  fall  Into  the  lo«  explosive 
and  pyrotechnic  category  would  be  golden  powder,  black  powder, 
Uluslnatlon  flare  slxturee,  mag-tef  flare  six,  evoke  sixes,  first 
fire,  delay  sixes,  fireworks,  salute  sixes,  etc.  Scats  of  the 
processes  Involved  In  the  aenufactura  of  low  explosives  Include 
grinding,  mixing,  activation  of  binders,  extruding,  pressing, 
granulating,  and  drying,  these  being  sons  of  the  Boat  cession 
processes  encountered. 

The  Initial  grinding  process  Is  probably  tha  Least  hazardous 
due  tu  the  fact  that,  In  most  cases,  the  Ingredients  ere  still 
separated.  For  example,  tha  oxidizers  are  ground  separately  frca 
the  fuels.  Processes  such  aa  roll  silling  or  ball  silling  demand 
customized  systems  designed  on  a  one-to-one  basis.  Each  situation 
is  unique  end  should  be  handled  accordingly.  Often  encountered 
during  pyrotechnic  production  Is  the  use  of  solvents  to  activate 
binders.  Solvents,  are  In  acst  cases,  flammable  with  flammable 
vapors.  To  compound  that  problee,  certain  vapors  attenuate  U.V. 
radiation  emitted  from  the  floss.  Tha  character! sties  of  the 
solvent  must  be  determined  along  with  Its  affect  on  the  detection 
system.  In  past  explosions  the  f leasable  solvent  fumes  where  In 
some  canes  tha  Initial  source  cf  fire  that  then  propagated  to  the 
pyrotechnic  six.  Even  though  as  a  rule,  solvent  dampened  compounds 
are  less  sensitive  than  dry,  tha  prcbles  of  the  flaaasbls  sclvsnt 
fuuaa  nust  be  considered. 

Grinding  and  granulation  lea  hazard  because  wa  ere  exerting 
extrema  physical  forces  or  the  completed  pyrotechnic  mix.  Chances 
for  Impact,  friction  end  even  static  Initiation  Is  such  greater  at 
this  point.  Compounding  the  hazard  during  this  step  of  the 
processas  is  tha  fact  that  we  ere  working,  In  most  cases,  with 


large  bulk  amounts  of  tha  product.  When  protecting  a  container  or 
hopper  with  large  amounts  of  pyrotechnic  product.  It  la  recoaaended 
to  not  only  apply  water  froa  the  top  but  also  to  provide  for 
flooding  of  the  vessel  froa  the  bottom  or  the  sides. 

Composition  pressing  Is  a  vary  cosuoon  practice  in  pyrotechnics, 
especially  In  tha  case  of  smoke  end  flare  cowposl tlone.  During  the 
pressing  prosadura,  ths  pyrotechnic  sfxture  la  compacted  at  very 
high  pressures  exerting  large  physical  force,  up  to  thousands  of 
PSI.  Although  It  Is  almost  Impossible  to  stop  eny  Ignition  or 
deflagration  In  tha  press  or  ths  object  being  pressed,  It  Is  often 
advantageous  to  suppress  propogatlon  of  the  flams  or  explosion  to 
bulk  hoppers  containing  six  yet  to  be  preosed  or  finished 
palletized  product.  Often  the  pressing  sachlnery  Is  designed  and 
shields^  to  withstand  initiation  during  the  pressing  procedure.  In 
this  situation,  ths  objective  would  be  to  protect  operators  and 
countsr  propagation. 

Application  of  first  fire  1c  a  fairly  dangerous  teak  and  often 
Involves  an  operator  In  Intimate  contact  with  ths  hazard.  Tha 
oparetor  Is  working  with  a  sensitive  mixture,  even  though  the 
mixture  Is  wettsd.  If  the  first  fire  were  to  Initiate,  It  could 
eaves  initiation  of  ths  parent  product.  One  example  would  be  tha 
sppll cation  of  first  firs  to  nagneslua  teflon  flares.  If  dons 
aanually,  the  operstor  Is  directly  exposed  to  the  high  teaparatura 
burning  of  tha  magnesium  teflon  flare.  In  this  scenario,  one 
option  Is  to  ala  the  firs  suppression  nozzles  at  tha  operator  and 
also  ues  nozzlse  configured  to  drive  the  burning  flare  Into  a 
hopper  or  chute  so  that  It  Is  driven  away  fresa  the  operator.  Tha 
reason  being  that  certain  compositions,  including  magnesium  teflon, 
slxaa  are  very  herd  to  suppress  with  the  water  sprey,  so  It  Is  bsst 
to  saperats  the  operator  froa  ths  hazard. 
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Usually,  the  final  etage  In  the  production  of  a  pyrotechnic  six 
la  the  drying  phasa.  During  this  pftaac  the  solvents  era  removed 
fras  the  final  product  or  tha  product  la  allowed  to  euro.  During 
the  drying  process  tha  pyrotechnic  mixture  la  often  subjected  to 
added  hast  to  facilitate  faster  and  aoro  even  drying,  at  this 
point,  tha  pyrotechnic  product  Is  susceptible  to  Ignition. 

Ignition  nay  be  due  to  apark,  friction  or  lapact  but  Is  scoot las 
due  to  a  chaaleal  reaction  during  tha  drying  proeass.  In  aany 
cases  this  la  an  unpredictable  reaction.  Nigh  speed  fire 
suppression  la  a  vary  good  safety  aaasura  unless  the  cost  of 
product  loss  la  low  enough  and  equipment  la  built  to  withstand 
Ignition,  than  It  a«y  not  be  economically  feasible  to  use  high 
speed  fire  protection  unlaas  of  course  operators  are  exposed  to  tha 
hazard. 


Frequently,  fires  occur  during  elesnup  t  *  equipment  tsar-down. 
This  should  always  be  considered  when  dss1gr  Ing  an  explosive 
prevention  ay steal  or  high  speed  deluge  so  that  tha  ay item  will 
activate  and  do  Its  Job  during  tha  cleanup  and  tear-down  process  If 
It  la  deeaied  a  possible  hazard.  In  most  all  cleanup  or  repair 
situations,  plant  personnel  ore  In  the  hazard  srsa. 


PROPELLANTS 

Propellents  offor  sane  similarities  in  rsfer&rce  to  hazards 
that  the  explosive  end  pyre'.aehnlo  catscorlna  present.  However 
there  are  ease  processes  that  are  unique  to  proponent. 

Propallants  am  axtrudad,  which  offers  the  eswe  hszarda  «s 
extruding  high  explosives,  except  for  the  Teat  that,  t*»  enst  caase, 
propellents  will  burr,  much  aso**,?  saQrFsnlveiy,  although  there  1» 
probably  not  as  cuch  of  a  chance  of  achieving  ds  tuna  Hen.  A  good 
rule  of  thumb,  would  bo  that  anywhere  there  1c  action  Uvr. extent, 
friction  impact,  static  dleohsirgaj  there  1e  e  chance  for 
initiation.  In  otf.or  words,  wham  the  propul  lent  l  saves  tha 
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extruder  dl *,  or,  If  tha  extrusions  ar o  being  cut  Into  pallete, 
during  the  cutting  action.  For  coapesltc.  propellant  mixing,  high 
apmad  firm  protaction  flooding  tha  aiding  cowl  la  advised.  If 
using  a  closed  sixer,  Infm-red  da  tier  Ion  la  preeontly  the  otate  of 
tha  art  sathod  to  see  In  tha  closed  vessel.  It  offara  faatrr 
raactlon  tlua  and  la  lacs  oubjact  to  blinding  or  obscuration. 

Sosa tine a  propellants  a-a  rechined  aftar  caatlng  or  prtsalng. 
Tha  propallant  saehlnlng  procesa  should  ba  sonltorod  by 
cltrcvlolst  type  detention  keying  ahare  tha  tooting  coaaa  In 
contact  ulth  tha  propallant  ard  if  operators  ara  present  protect 
tha  oparator,  atop  propagation  to  hoppefc  or  to  propellant  fanda. 
Oftan  tha  propallant  pallete,  especially  tha  nitrocellulose  type 
propellants,  ara  coated  »1  th  graphite  to  help  Ite  ftoa  through 
prooaaalng  equipment  and  to  prevent  possibility  of  atatlo 
dlaeharga.  Tha  added  graphite  costing  can  causa  two  (ft]  potential 
problees,  (1J  la  that  It  can  obscure  tha  detects*  l ana  l»  :*<**#  It 
hsa  tha  tandancy  to  floet  In  tha  air  and  (2)  '.l  son  Inhibit  dotuge 
•atar  penetration  Into  tha  prrpcl '.ant  six  Cue  to  Itc  ability  to 
chcd  enter.  In  tha  case  of  graphite  coated  propallant#  It  may  ba 
advisable  to  uao  air  shields  on  tha  dntaotora  and  provide 
penetrating  and  flood  type  iprey  configuration. 

Propallante  ara  often  Involved  during  basil  (tUmUirerlteMm) 
operations  .  During  the  dealt  process  tha  1  tea  la  eaparetej  or 
spared  ac  the  propellant  say  bn  poured  into  collection  onntj; var. 
Tha  equlpaent,  and  operator  :f  present,  ahould  bn  protected  during 
the  attp  ahen  the  projectile  la  pul  (at  fros  tha  mPirt. t  or 
cartridge.  Also,  during  tha  pouring  of  any  propallant,  tho»*a  <1  n 
potential  hazard  caesura  of  friction  end  possible  static 
Initiation.  There  la  alao  e  chance,  due  ts  the  age  end  wtoreto 
condition,  that  tha  propellent  *»y  have  he  cos  a  sore  eereltlv*  t'-#f 
noroal.  Large  quaniitiea  of  propallante  vhan  contained  In  hopper a 
or  alaller  container#  should  receive  deluge  aster  both  *100  rt-ove 
and  flooding  frnw  althln  the  container  aa  alth  ee»e  of  tJir 
pymterhrle  sires. 


<>  7  r, 


The  nature  of  the  progressive  burning  and  Increasing  burn 
vein  cl ty  of  propellants  ewphas'zse  the  need  for  •  vary  fast  fire 
|  protection  system  that  «1U  extinguish  or  suppress  the  fleas  before 

ft  oen  get  to  the  point  where  It  It  out  of  controt  vsd  the  gas 
velocity  1e  such  that  It  will  not  allow  for  water  penetration. 

Therwel  dehy  during  the  propellent  eanufacturlng  process  la  another 
feasible  end  reccuiaaftdsd  application  for  hi#)  spaed  da  lues.  In 
this  case,  If  hcodad  equlpaent  la  Involved,  infra-red  datactlen  If 
probably  the  best  antvsr. 

Triple  base  propellent  (consisting  of  nitrocellulose, 
nitroglycerin  and  nltroguanldme),  double  baaed  propellants 
(consisting  of  nitrocellulose  end  nitroglycerin),  single  baas 
propellants  (consisting  aalnly  of  nitrocellulose) ,  do  not  exhibit 
different  ohar act eristics  as  far  as  the  ability  to  be  extinguished 
by  water  spray,  although  the  burning  rates  end  Umparatures  do 
very.  More  testing  would  have  to  be  done  to  verify  the  affeetn  of 
the  water  eprey  (varying  anounta  and  speed}  on  the  different 
propellents.  So  far,  eater  has  proven  to  be  vary  effective  when 
delivered  quick  enough.  Coapc cl t>i  mixtures,  i.e.  arscrl un 
perchlorovs  and  alunlnuw  can  be  protected  during  the  pour  sr.d 
casting  process  and  during  the  six  prooeus.  Tho  nyst.si 
configuration  would  have  to  be  determined  epocifleett/  for  the 
process. 


Initiating  explosives  such  ee  mercury  fuleli'Ca,  lend  aside, 
lead  etyphlnnte,  potwr  particular  hazards  dee  to  thrlr  combustion 
characteristics.  They  era  ry  esnsitlve  to  heat,  static,  frlotlon 
end  impact  Initiation  end  rhey  re  as  to  transcend  the  deflagration 
stage  and  elmoet  ui/uuo rote  <).fco  a  detonation.  With  then* 
compounds,  prnbebly  the  Wiaott  safety  measure  would  be  so, ill 
batches  and  Iro luting  tho  eaterlst.  High  speed  deluge  for  theca 
Initiators  vtsjld  probably  only  tie  effective  as  a  deterrent  to 
proportion.  Avoid  using  brans  fitting*  end  noz.tle*  in  <»Hd% 
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erase  aa  copper  and  brass,  whan  combined  slth  aolsture,  say  causa 
load  azlda  to  font  extraaoly  sensitive  copper  axlda. 

As  previously  stated,  general  overall  coverage  type  ayatsaa 
located  hlfift  in  the  calling,  xhould  ba  avoided,  but  as  with  all 
rules,  tha'a  ia  an  exception.  The  excaption  being,  that,  in  an 
axploaivs  area  shore  there  Is  chanca  of  dust  or  explosive  perticlaa 
which  had  previously  settled  or.  equipnent  or  parts  of  the  building, 
a  general  coverage  high  spasd  dslugj  nay  hslp  to  alininata  the 
explosive  hazard.  Although,  good  hcueakeeplng  and  a  cloenar 
working  environment  would  probably  be  a  no  re  cost  affoctlve  way  to 
handle  this  problaw.  If  there  la  a  chanca  of  secondary  explosion, 
l.s.,  on  initial  blast  that  la  hopefully  suppressed  by  the  primary 
syetwa,  wnra  to  force  out  explosive  dust  or  particles  allowing  for 
a  secondary  explosion.  In  this  situation  a  secondary  overall 
coverage  wyetm  say  hslp  to  eliminate  this. 

The  preceding  was  a  brief  nunnery  of  high  energy  precase 
applications  where  high  speed  deluge  way  ba  incorporated.  There 
era  a  any  other  substances  end  proteges  that  warrant  the  uee  of 
high  epaad  firs  protection.  This  has  been  a  rev  I  aw  or  sows  of  the 
acre  common.  It  cannot  bo  stressed  enough  that,  both  tits  substance 
and  tits  process  should  be  review*  i  before  designing  snd  inatelling 
a  high  speed  fira  protection  eystrw.  Specifications  for  the 
ays  teem  should  hi  written  per  the  application,  Mora  time*  than 
not,  gwuerlc  specifications  <!o  not  provide  for  a  oyotem  that  would 
do  the  Job  adequately.  bTenevar  pornibla,  it  1*  tu^Boated  that 
actual  burn  testa  >i  performed  using  the  tews  high  energy  sub* tone* 
end  the  #«**  process  iltuaticn  for  the  tret  end  deal  pn  on  will  he 
weed  in  the  Most  application.  An  „tte  other  situations  that  we 
encounter;  *h«n  In  doubt,  the  bwav  ru;v  of  thuxb  is  to  uce  t&*«on 
tenet  wbnn  deairiirg  your  nyatewe  nnd  to  have  intiaetw  Vno»Udqa  of 
t!m  product  and  process  Involved. 
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PORTABLE  HI8H  SPEED  DELUGE 


Having  quickly  covered  sene  fixed  high  epeed  del.  ha 
applications,  It  la  appropriate  now  to  Introduce  s  new  concept  In 
high  speed  deluge  for  high  energy  chaalcals,  the  Portable  High 
Speed  Deluge  System.  It  Is  hoped  that  Portable  High  Speed  Oeluge 
could  prove  to  be  a  viable  life  safety  system,  end  at  tha  sees  tins 
provide  coat  savings,  in  certain  unique  applications.  Portable 
High  Speed  OaLuga  is  a  totelly  self  contained  firs  detection  and 
suppression  unit.  Totelly  self  contained  Meaning;  battery  power 
supply  to  provide  powor  to  detectors  and  to  activate  tha  system; 
self  contained  eater  supply  and  preBaurlzing  capability oe  *3  propel 
the  eater;  and  tha  ability  to  move  not  only  the  portable  unit 
Itself  but  aleo  reconfigure  and  relocate  the  detectors  and  the 
nozzles.  The  Portable  Deluge  Bye tea  ehould  be  able  to  achieve 
reaction  tics  of  at  least  fifty  (90)  milliseconds.  Reaction  tine 
defined  as:  tine  froa  Instant  cf  ftasa  detection  to  flow  at 
nozzle.  The  battorlss  should  provide  power  to  tha  unit  for  at 
least  sight  (3)  hours  and  be  aupervieed  to  signal  end  annunciate 
the  lose  tf  rower.  The  system  should  be  completely  supervised  for 
detection,  solenoid  Integrity,  loss  of  pressure,  low  water,  end  any 
other  function  that  mint-t  Inhibit  the  system  from  operating 
correctly. 

The  Portable  System  la  not  intended  to  repleoe  or  eliminate  Fixed 
High  Speed  Deluga  but  does  suffice  In  filling  tha  “gap"  where  Fixed 
High  Speed  Deluga  la  not  feasible  becauat  of  constraints  such  ss 
water  supply  end  changing  prcoBssea  or  fixed  deluge  la  not  feasible 
for  economic  reasons. 

Listed  bare  sm  seme  examples  end  suggestions  where  the 
Portable  High  Speed  Deluge  *'3'ild  he  advantageous.  These  are  just  a 
few  of  tha  aany  applications  whsra  Portable  High  Speed  Deluge  could 
prove  useful  and  cost  effocti/a; 


*  Explosive  or  pyrotechnic  spills.  The  portsbls  could  bo  rolled 
In  end  used  to  protect  the  area  during  ths  clean-up  operation, 
In  any  eras  where  fire  protection  way  not  nonselly  be  present. 

*  When  there  la  not  sufficient  ties  or  funding  to  Install  fixed 
fire  protection  quickly  enough  to  satisfy  ths  need. 

*  Depot  re-work  where  aaintenancs  or  operations  oftan  change  and 
eschinery  Is  aoved  or  replaced  with  different  equip-  went.  In 
these  applications,  fixed  eysteae  are  not  practical  froa  an 
operational,  safety  or  economic  standpoint.  The  area  aey  have 
previously  gona  unprotected  or  Isetproptrly  protected  hod 
portable  daluga  not  been  available. 

*  Anytlae  there  1e  sechlnin^.  Billing,  blonding  or  drying,  tho 
portable  eystsa  could  be  attached  to  the  wrchlrnry.  TVs  tay 
allalnets  the  need  to  aova  the  eschinery  to  e  location  with 
fixed  high  spaed  deluge;  especially  advantageous  If  coly 
needed  for  a  short  tlas. 

*  When  the  existing  ayetea  Is  shut  down  snd  production  aust  go 
on.  Loss  of  production  can  be  costly,  portable  deluge  »*y 
bridge  the  tlae  Involved  In  getting  fixed  ayatoa  beck  on  line. 

*  Clean  up  and  dacontoal nation  operations  when  equipcent  1e  torn 
down  or  If  there  la  fear  of  residual  explosives.  Cioan  up  ten 
be  a  aoet  hazardous  aspect  of  tasks  at  exploalva  feel  It  tics, 
often  exposing  operators  to  vsrlc  .a  end  societies  unforeran 
risk. 

*  The  portable  system  would  be  very  cost  effective  to  evaluate 
and  teot  the  design  of  fixed  fire  protection  systems  with 
actual  burn  test  to  prove  ths  eff£ot1vu(.a*s  of  such  systc^c. 
The  eyetus  would  silow  for  assy  wodiflcstlon  snd  variations 
providing  mors  ccrprehcnoi ve  left  results. 
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*  In  research,  evaluation  and  quality  control  laboratories 
hazards  often  vary  as  do  the  processes  and  metarial  that  the 
technl elans  era  exposed  to.  Many  times  the  energetic  asterlal 
has  known  properties  such  as  sensitivity  to  sp.irk,  friction  or 
Impact.  Sometimes  In  the  case  of  experimental  compounds  the 
properties  (possibly  hazardous)  ars  unsown.  In  either  case 
It  would  be  advantageous  to  be  able  to  roll  In  a  Portable  High 
Speed  Dalugs  System  to  protect  personnel  and  equipment. 
Processes  In  the  laboratory  environment  are  also  quite  likely 
to  change.  For  example;  blending,  mixing,  granulating, 
extruding  and  drying.  Changing  operations  (If  hazardous) 
require  an  adaptable  explosion  or  fire  suppra^lon  ay  stow. 
Although  personnel  are  more  highly  skilled  and  quantities 
often  much  smaller,  the  explosives  laboratory  can  be  a 
hazardous  environment  and  in  some  cases  warrant  the  uas  of 
such  a  system . 

*  Temporary  depot  and  staging  areas  possibly  off-shors  or 
overseas  applications.  Portable  High  Speed  Deluge  can  be 
applicable  whare  f  1  jw^daluge  could  never  have  bsen  considered 
passible  because  Installation  speed,  leek  of  watsr  supply  or 
various  processas. 

*  Used  In  areas  where  Improper  cr  insufficient  watsr  supplies 
ars  a  problem.  This  would  apply  to  tha  above  mentioned  areas 
(temporary  depots  and  staging  areas  and  domestic  ammunition 
and  pyrotechnic  processing  plants  that  have  Inadequate  or  no 
underground  supply  watsr  supplies  In  seme  tast  arses  or 
building  locations. 


*  Temporary  storage  protection  for  Iri-prccoea  work.  In  the 
situation  of  production  over  runs  where  surplus  must  ba  stored 
and  no real  adequate  fire  protection  Is  not  available.  Also  in 
the  cess  of  rejected  production  run.'  where  tha  product  must  ba 
stored  until  it  can  bs  recycled  or  destroyed. 


if?U 
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*  Portable  High  Speed  Deluge  could  be  sn  additional  back-up  for 
existing  High  Spaed  Deluge,  allowing  for  Inadequately  designed 
systems  or  unforaeen  changae  In  process. 

*  Additives  can  be  Included  with  the  water  supply;  for  Instance, 
antl-freeza  or  wetting  agents.  Water  coloring  Bight  ba  added 
to  help  evaluate  different  spray  patterns  utilizing  high  spaed 
video  (for  added  clarity}.  Possible  advantages  of  water  gals 
"sticky  water"  could  be  experimented  with. 

*  Portable  High  Speed  Deluge  Is  easy  to  Maintain;  It  can  ba 
moved  to  a  shop  or  maintenance  area  'or  servlet,  allowing  It 
to  leave  the  restlrcted  (hazardous)  eras.  Nozzlsa  with 
different  spray  patterns  can  ba  adapted,  Moved  and  configured 
depending  on  operation.  Vary  beneficial  for  design  evaluation 
for  fixed  systems.  Nozzles  may  be  configured  to  propal  the 
hazard  awey  from  the  operator  or  to  push  the  operator  fron  the 
hazard  with  water  spray. 

Tha  following  are  suggested  guidelines  for  specifications  of 
Portable  High  Speed  Dslugo  systems. 

Flow  ties  -  Approxiaataly  one  Minute  (1  Min.) 

Flow  Rate  -  Approximately  twenty-five  (25]  gallons 
per  nozzle  per  Minute  maximum,  when  all 
four  (4)  nozzles  ar8  fired 
simultaneously. 


Detection  -  Minimum  two  (2)  ultra  violet  datactors 
(for  redundancy)  and  compatible  control 
unit  to  monitor  detsetion,  detect  firs 
and  provide  fire  output. 
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Actuation  **  Four  (43  Pllotox  Doluge  nozzles  with  two 
(2),  24  VDC  solenoids  and  two  (2)  High 
Speed  Module  (.Lave  unite. 

Nozzle  nobility  -Nozzles  supply  end  pilot  supply  lines 
shell  be  flexible  to  allow  a  minimum  of 
one  (1)  foot,  horizontal  and  vertical 
movement.  Operator  shell  have  the  option 
to  select  the  nuober  of  nozzles  to 
protect  the  hazard  by  use  of  a  ball  valve 
or  other  suitable  aeons.  Nozzle 
configurations  using  flexible  hrss  shall 
be  available  for  placing  nozzles  up  to 
fifteen  (IS]  feet  from  portable  unit. 
Nozzles  shall  be  connected  to  process 
equipment  by  use  of  Integral  positioner 
damp. 

System  reset  -  System  reset  shell  be  accessible  to  the 
operator  from  outside  the  explosion  proof 
electrical  enclosure  and  accompli  shed  in 
less  than  thirty  (30)  seconds  fron 
activation  of  r«set  switch. 

Automatic  Reset  -  System  shall  be  available  with  an 

(optional)  automatic  reset  allowing  up  to 
one  (1)  minute  of  flow.  Automatic  reset 
shall  not  activate  If  fire  1*  present. 

Reaction  time  -  Shell  be  Isse  than  fifty  (50) 

■1  Ill-seconds  for  tha  system  described. 
Reaction  time  Is  defined  as  being  Instant 
of  detection  at  the  panel  to  waterflow  et 
the  nozzle.  System  reaction  time  may  vary 
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according  to  hose  langth/nozz le  distance  frts  unit, 

reaction  tlaa  shall  always  be  lees  than  one  hundred  (100) 

« 

al Ill-seconds. 

Fire  test  actuator  -Panel  shall  have  actuator  to  simulate 
"fire  condition"  for  testing  purposes. 

Battery  back-up  -Mlolaun  reserve  poser  of  eljfit  (8)  hours 
In  stand-by;  five  (5)  minutes  In  alarm. 
Shall  plug  into  120  VAC,  6QKz  outlet  (or 
other  voltage  as  spaclfled) 

Poser  aupply/battary  chorgar  -  Shall  provide  cuff Id  ant 
f  user  to  charge  battery  system  si  thin 
eight  (8}  hours.  Charge  shall  be 
Integral  fart  of  control  penal. 

Ani.unclatlcn  -  Vis.ial  faolt  Indications  for  low  water 
pressure,  lew  satar  level,  HEM/U.V. 
controller  fault,  low  battery  condition, 
"system  raedy"  indication.  Audible  fault 
horn  to  annunciatg  any  fault. 

Auxiliary  contacts  -  Shall  provide  mlnlaus  of  two  (2)  form 
"C"  contacts  for  fire  condition  and  two 
(2)  fora  "C”  contacts  for  fault 
condl tl on, 

Systea  mobility  -  Two  (23  swivel  casters 
Two  (2)  fixed  castsrs 
Two  (23  floor  locks 
Shall  elco  be  movcahla  by  a  fork  lift. 

Electrical  explosion  proof  requirement: 

Class  21,  Group  3 
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Electrical  enclosure: 


Explosion  rating  :  Class  II,  Croup  G 
(with  sin dew  for  visual  access) 

Pr assure  tank  -  CAPACITY:  -  ICO  gallons 

*  to  ba  pressurized  to  ITS  pel 

WORKING  PRESSURE:  -  200  pal  by  nltrogan 

gas 

Supply  tank  to  have  water  Inlet  ahut-off 
and  air  bleed  ball  valves. 

Overall  dimensions  -  SIZE:  L-63"  x  V-48"  x  H-SQ" 

(system  fully  extended) 

WEIGHT:  1,200  lbs.  (empty  tank) 

The  Portable  High  Spsad  Deluge  System  shall  ba  a  completely 
self-contained  deluge  systaa  which  la  portable  by  use  of  Its 
casters  or  lift  truck.  The  Portable  High  Speed  Deluge  Systran  shall 
feature  one  (1)  button  reset,  ultra-violet  datcctlon;  four  (4) 
Pllotex  valves  w/autospray  nozzles;  battary  back-up  and  complete 
supervision.  Because  of  the  principals  Inherent  In  the  design  of 
the  pilot  nozzle,  there  shall  be  no  need  for  replacement  of  aquibe 
or  rupture  discs  when  resetting  the  system. 

The  Portable  High  Spaed  Deluge  System  shall  be  fired 
electronically  through  the  use  of  a  solenoid,  thus  It  may  be  reset 
the  same  way. 

By  activating  the  reset  button,  the  solenoid  shall  close.  This 
restores  pressure  to  the  pilot  line  and  restores  the  system  to  a 
"Ready ”  condition. 

The  four  (4)  pilot  valves  actually  operate  ss  four  (4)  small 
deluge  valves.  Each  valve  has  two  (2)  water  connections;  one  (1) 
for  supply  and  one  Cl 3  for  pilot. 

The  supply  Is  held  back  by  use  cf  a  poppat,  which  la  neid  In 
the  closad  position  through  use  of  pilot  pressure, 

Tha  6ystas  shall  be  fired  by  a  solenoid  which  Is  attached  to 
tho  pilot  Lins.  This  solenoid  opens,  releases  the  pressura  slthin 
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the  pilot  line  snd  allows  the  poppet  to  "LIFT"  Indite  the  body  of 
the  pilot  valve.  When  this  poppet  rises  It  siloes  the  supply  mter 
to  floe  froai  the  nozzle.  This  entire  prcces3  shall  be  sccoapllshad 
In  less  than  fifty  (50)  nl Ill-seconds. 

Spray  nozzles  are  designed  to  fit  Into  the  pilot  valve  In  order 
to  accomplish  the  floe  pattern  required. 

The  Portable  High  Speed  Deluge  System  Is  supervised  for  AC 
loss,  loe  eystas  pressure,  controlled  f suite  end  Ice  ester  level. 

Mian  eyatea  In  operational  "Heady"  node,  It  Is  Indicated  elth  a 
green  "System  Ready"  light. 

All  detectors  and  solenoids  are  supervised  snd  any  fault  etll 
be  signaled  elth  an  sudlble  fault  horn. 

As  eentlonad,  the  Portable  High  Spaed  Deluge  Is  not  intended  to 
replace  fixed  explosion  suppression  cyate»3  but  sill  fill  the  need 
for  explosive  safety  In  many  situations.  Portable  Deluge  Is  a  cost 
effective  altornatlve  In  many  situations  that  otherwise  would  have 
called  for  loea  of  production  end  downtime. 

CONCLUSION 

Ultra  High  Speed  Deluge  Is  not  a  cure  all  panacea  for  ell  the 
hazards  Involved  In  the  high  speed  chemical  process  field.  It  la  a 
formidable  solution  for  cany  safety  nrobleos  encountered  end  hes 
proven  In  the  psst  to  be  e  successful  sears  of  explosion 
suppression.  If  nothing  else,  one  point  should  be  understood  and 
•'caasibered.  When  designing  or  specifying  high  speed  fire 
protection  always  consider  both  the  compound  being  pi  educed  or 
processed  end  the  type  of  process  utilized.  Above  all,  if  an 
operator  la  presort,  how  bast  to  protect  yorr  persc-mal. 

Ary  questions,  cote-ansa  or  crlticiuss,  plaaan  contact  Gary  A. 
Fadorsan,  "Automatic"  Sprinkler  Corporation,  (216)  5E3-96CQ,  Ext. 
373;  Raaldoncn:  1213]  *'67-2510. 


696 


RAPID  RESPONSE  DELUGE  TESTS 
USING  A  PORTABLE  DELUGE  SYSTEM 


JERRY  R.  MILLER,  P.E. 

AMMUNITION  EQUIPMENT  DIRECTORATE 
TOOELE  ARMY  DEPOT 

Evaluation  tests  of  a  portable  rapid  response  deluge  system  were 
conducted  in  March  1988,  by  the  Ammunition  Equipment  Directorate  (AED), 
Tooele  Army  Depot  (TEAD)  in  conjunction  with  other  government  agencies  and 
contractor  representatives.  Representatives  of  these  agencies  witnessed 
most  of  the  performed  tests.  Among  the  representatives  at  the  testa  were 
Goerge  Obrien,  PBMA;  Sob  Loyd,  AMCCOM  Safety;  Paul  Kennedy,  Project 
Coordinator,  Day  and  Zlamermann,  Inc,  Kansas  Div.  Gene  Burns,  Day  and 
Zlamermann,  Inc.,  Lone  Star  AAP,  Gary  Fadorsen  and  Mike  Lechko,  Automatic 
Sprinkler  Corp.,  of  America.  Dugway  Proving  Grounds  personnel  provided 
high  speed  video  documentation  of  the  tests. 

A  commercially  manufactured  portable  ultra-high-speed  deluge  system 
was  set  up  for  the  tests  in  Bldg.  1379  at  the  AED  test  facility,  Tooele 
Army  Depot,  Tooele,  Utah.  These  tests  were  to  somewhat  simulate 
propellant  rework  operations.  Various  types  and  quantities  of  propellents 
were  initiated  with  electric  matches  and  igniters. 

Response  times,  overpressures,  heat  flux,  temperatures  and  other 
measurements  were  taken  during  the  tests  and  then  compared  to  various 
certification  criteria  such  as  is  found  in  MIL-STD  398.  In  general  terms, 
under  this  standard: 

1.  The  measured  overpressures  are  not  Co  exceed  2.3  psi  peak 
positive  incident  pressure  (Pso)  measured  at  personnel  locations. 
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2.  Tha  hast  flux  Matured  at  personnel  locations  is  not  to  axcaad 
tha  value  given  by  ths  equation: 

0.62t-0.7423 

Where  d>  -  heat  flux  in  cal/cfl2-sec 

t  “  time  interval  of  exposure  to  measured  heat  flux  in 

seconds 

3.  Fragments  sust  be  contained  within  the  shield,  or  directed  away 
from  personnel  locationr. 

4.  Shield  movement  or  deflection  shall  not  be  such  that  personnel 
injury  would  result. 

During  this  test  series  four  (4)  different  types  of  propellant  were 
tested: 

1.  M9  Fropellant  (81«a  mortar) 

2.  Ml  Propellant  (105sa  howitzer) 

3.  M8  Propellant  (4.2  inch  nor tar) 

4.  M26  Propellant  (106*  round) 

Five  propagation  tests  were  performed  utilizing  the  above 
propellants.  The  deluge  system  was  not  used  during  the  propagation 
testing  to  demonstrate  that  fire  would  apreud  from  the  donor  charge  to  the 
receptor  charges  and  thus  confirm  the  validity  of  tha  donor/receptor 
spacing  for  the  qualifying  testa  which  followed.  On  these  tests,  the 
instrumentation  consisted  of  a  real  time  video  camera  system,  a  high  speed 
video  ctwasra  S73tea,  four  thermocouples  with  a  datalogger  system  and  a 
heat  flux  sensor  with  recording  system.  Figure  21  is  a  graph  of  the  heat 
flux  measured  on  four  of  the  propagation  tests  and  figure  36  is  a  graph  of 
the  measured  temperatures  on  propagation  test  PT-4  (M26  propellant). 
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Following  the  propagation  teats,  two  qualification  testa  were 
perforated  on  the  scae  rropellants.  In  addition  to  the  cave 
Instrumentation  which  had  been  used  on  the  prowl ous  teats,  two  high  speed 
motion  picture  cameras  operating  At  SCO  frames  per  second,  four  pressure 
trf seducers ,  end  three  more  heat  flux  tensors  with  associated 
instrumentation  were  used  to  record  the  results.  A  manikin  with  explosive 
handlers  coveralls  was  also  positioned  In  front  of  the  munition  test  table 
to  see  whet  might  happen  to  the  surface  of  the  coveralls/manikin.  Figures 
I  through  3B  depict  the  instrumentation  schematic,  transducer  end  camera 
locations, and  general  test  layouts.  Figure  29  is  s  graph  of  the  heat  flux 
measured  on  qualification  tost  no*  QT-4B  and  figure  43  is  a  graph  of  the 
measured  temperatures  on  tha  same  tsst. 

The  pressure  transducers  wars  sec  up  to  measure  peek  ride-on 
pressures.  Since  the  tests  basically  involved  unconfined  burning  or 
deflagration  of  the  propellant,  no  detonatlonc  were  measured. 

Consequently  no  pressure  date  was  extracted. 

With  respect  to  these  specif ic  testa,  the  commercial  rapid  response 
deluge  system  performed  well.  Measured  heat  flux  levels  were 
significantly  reduced  with  the  deluge  system  functioning.  All  test 
results  seemed  to  verify  the  effectiveness  of  this  type  of  deluge  system 
in  providing  operator  protection  for  limited  applications  as  tan  he  *rcn 
from  figures  24A,  PT-2  vs  QT-2  for  Ml  propellant,  and  figure  30A,  FT-4 
<7T-4B  for  M26  propellant. 

Sections  of  reel  time  video  vs  high  speed  video  and  high  spaed  film  of 
these  same  two  tests  will  now  be  shown. 


FIGURE  2 

PRESSURE  TRANSDUCER  STANDS,  CAMERAS,  AND  CCTV 
LOCATIONS  BUILDING  1379 
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OX  COLLABORATIVE  EXPLOSIVES  SAFETY  TEST  PR0CRAHK3 


H  J  M  r  :o*  end  J  Enndarson 

Safety  Services  Organisation ,  Procurement  Executive 
Ministry  of  Defence,  UK 

Presented  at  the 

US  Department  of  Defence,  Explosives  Safety  3osrd 
Twenty-Third  Explosives  Safety  Seminar 

Atlanta  OA,  9“H  August  1988 


SUMMARY 


In  recent  years  there  ha3  been  a  recognition  of  the  need  to  ftexiaise 
the  utilisation  of  the  major  investment  in  explosives  facilities, 
particularly  storage  buildings.  Unduly  restrictive  licensing  limits  based 
cn  over-conservative  Q-Ds  can  no  longer  be  tolerated  and  test  programmes  to 
define  more  precisely  the  basic  explosion  effects  have  been  started  by  many 
countries . 

Many  problems  are  common  and  general  collaboration  to  minimise 
national  spending  and  maximise  the  acquisition  of  useful  data  is  an  obvious 
way  forward.  Even  where  a  trial  is  specified  and  organised  by  a  single 
nation,  collaborative  negotiations  with  other  nations  may  permit  mors 
trials  instrumentation  leading  to  the  acquisition  of  additional  data  with 
minimum  disturbance  to  the  conduct  of  the  trial. 

The  UK  MOD  is  presently  collaborating  in  the  following  major  teet 
programmes : - 

1.  Australian/UK  Stack  Fragmentation  Tests. 

2.  Norwegian/USA/UK  Underground  Storage  Tests  at  NWC  China  I>ake, 

California. 

3.  Klotz  Club  Underground  Storage  Tests  at  Alvdalen,  Sweden. 

4.  USAF  Bomb  Communication  Tests. 

5.  UK  Home  Office  Structural  Response  to  Blast  Tests. 
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UK  COLLABORATIVE  EXPLOSIVES  SAFETY  TEST  PROGRAMME 


N  J  M  Rees  and  J  Henderson 

Safety  Services  Organisation,  Procurement  Executive 
Ministry  of  Defence,  UK 


Introduction 


1.  The  need  to  carry  out  practical  trials  to  determine  the  effects  of 
accidental  explosions  is  not  new.  Probaoly  the  most  important  triala  in 
the  last  twenty  years  were  the  US  ESKIMO  series  which  investigated  the 
safety  of  the  igloo  storage  concept  in  response  to  an  accidental  explosion. 
This  was  the  first  time  that  a  planned  series  of  effects  trials  had  been 
carried  out  to  examine  the  safety  in  U3e  of  a  specific  type  of  building  for 
explosives  storage.  In  more  recent  times  the  US  DISTANT  RUNNER  trials 
investigated,  ir.  a  similar  fashion  to  the  ESKIMO  series,  the  safety  of  the 
hardened  aircraft  shelter  design  for  the  protection  and  stabling  of 
aircraft  with  their  munitions  loads,  when  an  explosion  occurred  in  an 
adjacent  shelter. 

2.  The  first  question  that  comes  to  mind  is  "why  does  the  UK  perceive  a 
need  at  this  time  for  any  major  collaborative  explosives  safety  test 
programme?"  NATO,  through  the  AC253  storage  sub-group,  has  produced  a 
comprehensive  manual  giving  safety  standards  for  dealing  with  all  aspects 
of  explosives  storage  and  transport.  One  would  have  thought  that  extensive 
practical  data  was  used  in  the  development  of  the  manual  and  hence  the 
current  Quantity-Distance  (Q-D)  criteria  would  be  well  established  and 
understood. 

3.  Indeed,  the  AC258  manual  (1)  has  been  in  existence  for  a  decade  and 

one  of  the  primary  source  documents,  the  UK  Explosives  Storage  and 
Transport  Committee's  (ESTC)  Leaflet  5.  (2)  has  been  around  for  much 

longer.  Thus  one  might  expect  that  a  large  amount  of  data  was  available 
and  consulted  when  these  documents  were  written.  Unfortunately  this  was 
not  found  to  have  been  the  case  when  these  documents  were  reviewed 
recently.  Over  the  last  few  years  ESTC  has  conducted  a  study  into  Risk  and 
Hazard  Analysis,  (3).  Additionally,  in  an  effort  to  establish  the  basic 
standards  the  editorial  sub-group  of  AC258  has  attempted  to  put  together  a 
historical  summary  of  the  development  of  their  Q-Ds.  Both  the  ESTC  and 
AC23'S  studies  have  been  severely  hampered  by  an  inability  to  identify  when 
many  cf  the  Q-Ds  originated,  let  alone  produce  the  practical  data  on  which 
they  are  based.  Thi3  is  no  reflection  on  the  efforts  or  abilities  of  the 
individual.?  involved  in  their  original  formulation.  However  it  does  reveal 
the  lack  of  sufficient  recorded  information  to  constitute  a  respectable 
database  for  many  of  our  Q-Ds.  Disturbingly  this  leaves  the  whole  Q-D 
philosophy  shrouded  in  mystery  and  asks  us  to  have  confidence  in  the 
adequacy  of  both  the  quantity  and  quality  of  the  information  used  by  those 
who  constructed  the  tables  without  verification  now  being  possible.  This 
makes  life  very  difficult  for  those  who  ha''e  complex  licensing  problems  and 
who  need  to  assess  the  actual  consequences  of  accidental  explosions  to 
obtain  the  most  economic  layout  of  an  explosives  facility.  Equally  when 
large  sums  of  money  are  to  be  .expended  on  new  facilities  or  on  the 
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refurbishment  of  existing  ones,  it  is  clearly  important  that  the  design  and 
layout  of  the  buildings  are  based  on  sound  technical  data. 

4.  Thus  the  current  Q-D  code3  should  be  regarded  as  "rules  of  thumb",  and 
there  is  a  clear  need  to  reassess  these  rules  in  detail  to  gain  a  better 
understanding  of  the  degree  of*  protection  that  they  give.  It  must  be 
remembered  that  structural  design  techniques  and  structural  response 
analysis  are  improving  all  the  timo  and  those  concerned  with  using  and 
reviewing  the  Q-D  rules  should  be  aware  of  these  new  developments  so  that 
the  consequence  model  they  use  fcr  accidental  explosions  is  as  realistic  as 
possible. 

5.  From  the  above  discussion,  I  am  sure  you  will  agree  there  is  a  clear 
need  to  obtain  relevant  practical  data.  However  the  advantages  of 
international  collaboration  over  individual  national  trials  programmes  are 
less  obvious. 

6.  Clearly  the  first  aajor  reason  for  conducting  such  a  programs*  of 
trials  collaboratively  is  to  reduce  costs.  Construction  of  test  buildings, 
even  scaled  down  versions,  is  a  relatively  expensive  and  lengthy  prucee* 
and  therefore  worthwhile  cost  savings  con  be  made  when  Individual  nations 
group  together.  Clearly  the  more  participants,  the  lower  the  individual 
nation's  cost.  However  this  auat  always  be  balanced  against  the  increasing 
difficulties  in  the  planning  and  conducting  of  trials  which  Inevitably 
arise  as  the  number  of  organisations  involved  in  the  work  increases.  Every 
perticipoting  organisation  wants  the  test  to  be  conducted  as  near  to  their 
own  specification  as  possible  »nd  consequently  compromises  will  have  to  be 
agreed.  This  dees  net  need  to  detract  from  the  technical  value  of  the 
trial  although  there  is  always  the  danger  that  the  compromises  can  obscure 
the  original  individual  teat  programmes  to  such  an  extent  that  tho  data 
produced  la  not  then  sufficiently  relevant  to  the  individual  nation's 
original  problem  to  be  really  usoful. 

7.  However  there  arc  advantages  in  collaboration  and  the  very  fact  that 
more  than  one  organisation  is  involved  in  the  work  should  lead  to  a  broader 
and  more  realistic  consideration  of  the  teat  objectives.  Too  often  a  test 
is  set  up  to  consider  one  specific  aspect,  eg  the  required  inter-aaga^ine 
separation  of  igloos,  whilst  other  aspects  then  perceived  to  be  of  lesser 
importance,  eg  the  debris  throw,  are  either  Inadequately  treated  or  even 
Ignored  completely.  The  result  is  that  when  the  question  ia  raised  on 
these  other  effects  at  some  later  date  it  is  often  realisod,  with 
hindsight,  that  the  opportunity  to  obtain  valuable  additional  dnta  has  boen 
lost.  If  research  funds  were  freely  available  then  more  tests  could  be 
carried  out.  However  I’K  does  not  have  a  large  testing  budget  and  the  money 
must  be  used  efficiently.  We  believe  it  is  essential  that  those 
responsible  for  this  work  ensure  that  the  tests  provide  as  much  data,  at  ss 
low  a  cost,  as  possible. 

8.  It  is  often  forgottsn  that  producing  the  data  from  a  trial  is  usually 
only  the  half-way  point  of  an  investigation.  Only  by  appropriate  analysis 
and  Interpretation  of  the  collected  data  can  it  be  properly  used  for  the 
intended  purpose  of  improving  the  Q-D  rules.  Collaboration  in  this  area  is 
Just  as  important  as  in  the  planning  and  conduct  of  the  actual  tost. 
Nations,  for  historical  reasons,  have  developed  expertise  in  specific  areas 
and  it  io  therefore  important  to  ensure  that  the  data  is  analysed 


appropriately  by  those  experienced  in  such  analysis.  Thi*  can  be  done, 
often  aore  effectively,  by  organisations  separate  from  those  more  closely 
involved  with  the  trial  and  the  application  of  its  results  to  explosives 
licensing  situations. 

9.  It  ia  also  all  too  easy  for  individuals  to  become  lsmersed  in  the  data 
analysis  to  such  an  extent  that  possible  alternative  applications  are 
missed-  Toe  often  one  cannot  see  the  wood  for  the  trees.  Discussion 
between  the  analysts  and  other  interested  parties  can  often  be  very  helpful 
in  ensuring  that  tho  data  is  correctly  uid  fully  exploited. 

10.  A  further  reason  for  such  collaborative  offort,  certainly  within  NATO 
AC25A,  is  that  it  aids  member  nations  in  Interpreting  and  adopting  the 
changes  in  the  Q-0  rules  brought  about  by  the  new  trials  data.  Vta  have 
found  on  many  occasions  that  the  acceptance  of  data  by  an  organisation  is 
usually  eased  by  its  involvement  in  tho  collection  and  analysis  cf  that 
data.  Additionally  during  the  joint  analysis  prc-css*  it  would  b«  hoped 
that  any  perceivod  Khoricooings  in  the  data  or  its  analysis  would  bo 
recognised  there  and  then  rather  than  st  soee  tine  in  the  future.  This 
joint  process  also  mcke*  it  difficult  for  any  participating  organisation  to 
say  in  the  futuro  that  they  wore  no.,  happy  with  the  data  and  the 
conclusions  reached,  because  they  have  been  involved  throughout.  This  has 
been  found  to  be  offecti/«  in  concentrating  participants  ainda  on  the  data 
so  that  a  thorough  analysis  is  carried  out  leading  to  sound  conclusions. 

11.  Enough  of  the  reasoning  behind  the  need  perceived  in  ’JK  for 
collaborative  programmes  of  work  in  Explosives  Safety.  Tho  remainder  of 
the  piper  gives  some  exairplos  of  collaborative  teat  work  in  which  the  !~K  ia 
currently  engtgod  and  indicates  some  srosa  where  UX  believes  future 
collaboration  is  necessary. 

Austral ion/UX  Stack  Fragment**! or.  Tests 

12.  In  this  aeri'js  of  tests,  which  began  in  the  early  *8Cs,  the  UK  h*»-j 
collaborated  extensively,  in  ter  1.1  of  both  expertise  and  funding,  with 
Australia  to  Investigate  tho  consequences  of  accidental  explosions  in  tho 
smaller  above  ground  explosives  storage  buildings,  typical  of  those  used  in 
both  UK  and  Australia.  Without  co-operation  free  the  Australian  Department, 
of  Defence  it  would  rot  have  been  possible  for  the  UK  to  have  carried  cut 
those  tests  on  two  main  ccunts: 

(1)  UK  has  no  national  tasting  ground  vher*  it  could  have  carried  out 

full-scale  testing  of  thi a  kind, 

(2)  Because  cf  the  need  to  conduct  t'oae  teats  at  a  suitable  location 

outside  it  ia  not  jto^sible  for  the  IT<  HOD  to  econonicnlly  provide 

the  instrumentation  and  data  collection  effort  required. 

lj.  The  current  teat  programme  at  the  Test  P.ange,  Wocoera,  South 
Australia,  was  completed  earlier  this  year.  It  sxcair.ed  the  consequences 
of  explosions  in  larger  brick  and  concrete  nto>-ehou*eo,  and  in  carttculnr, 
the  effects  of  debris  throw  from  such  structures.  Very  little  information 
was  currently  available  for  such  situations  and  the  results  are  being 
presented  at  this  conference  by  Mr  Horuercon.  When  fully  analysed  and 
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Applied  this  data  could  produce  significant  cost  savings  in  the  utilisation 
of  such  brick  and  concrete  storage  buildings  in  both  UK  and  Australia. 

14.  This  is  an  example  of  the  type  of  collaboration,  which  could  be 
extended  to  the  testing  of  other  types  of  structures,  eg  igloo3,  so  that 
good  deta  can  be  obtained  on  the  debris  hazard  from  a  wide  range  of 
structures.  This  is,  of  course,  of  major  interest  to  all  nations  but 
I  ju*ticularly  to  those  who  are  developing  consequence  models  to  aid 
probabilistic  risk  estimation  for  future  explosives  licensing  procedures. 

PS/?torwegien/UK  Underground  Storage  Tests 

15.  These  tests  have  been  planned  collabcratively  to  investigate  the 
debris,  blast  and  ground  shock  effects  from  shallow  burled  magazines. 
While  in  the  UK  we  do  not  have  any  true  underground  storage  with  overhead 
cover  of  several  tens  of  metres  or  more  of  rock  and  earth,  the  Royal  Navy 
does  have  many  buried  magazines  with  15*30  metres  of  overhead  cover. 
However,  because  the  AC2?8  guidelines  were  not  really  intended  for  these 
shallow  buried  magazines,  the  guidance  given  by  their  Q-D  rules  is  very 
conservative.  Batter,  more  appropriate  data  oust  be  obtained  which  will 
almost  certainly  enable  the  magazines  to  be  licensed  for  the  storage  of 
larger  quantities  of  explosives  than  at  present. 

16.  Preliminary  work  has  been  carried  out  by  UK  using  1:25  scale  models 
but  to  validate  the  results  it  has  always  been  accepted  that  some 
large-scale  or  even  full  scale  trials  would  be  necessary.  However  UK  has 
never  chosen  to  carry  out  such  trials  on  their  own,  again  primarily  bocause 
of  thm  high  overall  cost  and  also  because  we  have  no  suitable  test  site 
where  such  a  trial  could  be  carried  out. 

17.  UX  has  berefitad  conaidorably  froe  the  technical  collaboration  with 
both  US  and  Norway  whoso  experience  in  true  undorgxcund  storage  is  much 
greater  than  ours,  particularly  in  designing  associated  test  preg-esmos  and 
analysing  the  results.  The  present  Joint  trial  at  the  Naval  Weapons 
Centre,  China  Lake  will  be  in  an  approximately  half-scale  tunnel  and 
storage  chamber.  About  20  Vcxinee  HE  will  be  detonated  to  represent  an 
accidental  explosion,  the  test  taking  place  on  the  24th  August. 

Klotz  Club  Underground  Storage  Teats 

18.  A  greater  degree  of  international  collaboration  has  bean  achieved  in 
these  tests  than  In  any  other.  The  European  nations  who  utilise 
underground  explosives  3:crage,  together  with  the  US,  hive  been 
collaborating  over  a  period  of  some  five  years  to  dosisn,  conduct  and 
analyse  a  series  of  tests  in  an  underground  test  facility  at  Alvcalen  in 
Sweden.  Despite  the  difficulties  of  co-ordinating  the  inputs  from  six 
nations  a  very  useful  teat  scheme  has  been  developed  and  worthwhile  results 
are  now  being  produced.  Charges  of  one  and  5  tonne*  HK  have  been  detonated 
in  the  storage  chamber  which  models  a  deep  buried  aefvine.  Dr  Vrstblnd  of 
the  Swedish  Fortifications  Service  will  be  reporting  soa*  of  theae  trials 
at  this  meeting. 


19.  It  was  as  a  result  of  this  collaboration  that  the  aforementioned  China 
Lake  testa  were  generated.  It  is  to  bo  hoped  that  such  collaboration  will 


continue  and  the  UK  believes  that  the  AC2J8  element  at  the  Klotz  Club  fully 
appreciate  the  benefits  of  such  joint  work. 

USAF  Bomb  Communication  Tests 


20.  Tha  USAF  have  been  conducting,  since  early  1985,  an  extensive  series 
of  tests  to  investigate  whether  stacks  cf  general  purpose  KE  bombs  in 
useful  quantities  could  be  stored  as  a  urdtised  risk  in  the  current  designs 
of  igloo  storage.  Although  USAF  have  funded  these  tests  they  have 
collaborated  in  the  detailed  planning  ard  analysis  of  the  test  results  with 
the  Netherlands  and  UX.  Ibis  collaboration  was  fundamental  to  tha  design 
and  conduct  of  the  trials  since  the  results  of  the  tasts  would  he  used  to 
establish  the  safety  of  this  method  of  storage  of  such  bombs  in  both 
countries. 

21.  As  a  result  of  this  collaborative  effort  the  USAF  progressed  from 

tasting  bomb  stacks  in  the  open  to  tasting  in  confined  situations  to 

represent  igloo  storage  and  subsequently  in  low-cost  igloo  mock-ups  f  the 
"Hayman"  Igloo).  The  results  of  these  tests  have  demonstrated  the  benefits 
of  such  collaborative  work.  Firstly,  but  regrettably  negatively  from  th*3 
U'SAF  point  of  view,  the  tosting  demonstrated  graphically,  by  sympathetic 
detonation,  the  difficulties  in  extrapolating  from  open  to  confined  storage 
without  tests.  Secondly,  as  a  result  of  having  to  build  low-cost  igj.no 
mock-ups ,  the  USAF  havo  developed  the  "Haycan"  design  as  a  low-cost 

alternative  to  conventional  igloos  which  shows  every  indication  of 

providing  protection  as  good  as  conventional  igloo  cor.etruction  with 
significant  cost  savings. 

22.  UK  believes  that  such  collaboration  also  amply  demonstrates  the  major 

advantage  of  involving  those  nations  who  have  to  endorse  the  storage 
concept  at  all  points  in  the  testing  procedure.  It  could  have  been 
extremely  embarrassing  for  both  U?  end  UK,  for  Instance,  had  the  US  only 
carried  out  the  tests  in  the  open,  put  forward  a  storage  concept,  and  then 
had  to  answer  the  difficult  question  of  the  effect  of  the  igloo 

confinement.  A  new  series  of  tests  would  have  been  required  by  the  heat 
nations  and  the  unfortunate  effect  of  such  confinement  would  have  been 
demonstrated,  resulting  in  much  delay  and  difficultie.3  in  the  progromme, 
with  possible  political  repercussions . 

UK  Home  Office  Studies  of  Structural  response  to  Blast 

23-  Collaboration  ia  not  only  important  between  nations,  as  has  been 
demonstrated  in  the  above  examples,  hut  also  between  organisations  within 
national  boundaries.  This  is  perhaps  more  important  in  tha  US  where,  to  an 
independent  observer,  the  three  services  appear  to  have  developed 
independent  expertise  in  a  r.«  labor  of  areas  of  explosives  behaviour. 
However  tha  authors  of  this  p.irr'r  are  only  qualified  to  discuss  the 
situation  pertaining  to  UX.  The  only  UK  government  department,  outside  of 
the  Ministry  of  Defence  and  Property  Services  Agency,  which  has  expertise 
in  a tme burst  blast  response  i3  the  .Io»e  Office  who,  in  this  respect,  are 
essentially  concerned  with  reaper. re  to  nuclear  blast.  Although 

such  response  could  he  considered  significantly  different  to  the.  response 
from  such  smaller  quantities  of  convent (on el  explosives,  we  believe  that  a 
read  across  is  possible  at  the  Inhabited  building  Q-Ds  (0.7  ;>j»i). 
Consequently  collaboration  is  row  underway  in  UK  between  all  three 
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organisations  to  design  a  test  series  which  will  Beet  the  objectives  of  all 
the  participants.  No  trials  dates  have  yet  been  set. 

Future  areas  for  collaborative  work 

24.  As  well  as  the  continuation  of  the  work  outlined  above  moru 
collaborative  work  is  being  proposed  under  the  aegis  of  AC258  in  the 
following  areas : - 

(1)  Modelling  of  debris  scatter  from  explosions  in  reinforced 
concrete  structures,  using  snail  scale  structures  and  computer 
programmes. 

(2)  Effects  of  explosions  in  storehouses  containing  HD  1.2 
ammunition.  Recent  accidents  in  ammunition  storage  depots  outside 
Europe  and  the  US  have  indicated  that  the  effect  of  lobbed  ammunition 
from  fires  is  perhaps  a  more  important  phenomenon  than  the  lerge  HD 
1.1  explosion  to  which  most  attention  has  been  paid  in  the  past. 

25.  There  is  still  however  a  need  for  further  work  to  define  and  refine 
the  current  Q-D  requirements.  UK  hopes  to  promote  a  greater  awareness  with 
AC258  of  the  need  for  such  collaboration. 

26.  Finally  international  collaboration  depends  upon  those  Involved  in 
explosives  safety  communicating  effectively  with  their  counterparts  in 
other  countries  to  ensure  that  there  is  an  up-to-date  understanding  of  each 
other's  areas  of  interest  and  planned  and  projected  trials.  Beyond  this 
point  it  is  up  to  each  nation  to  respond  quickly  where  the  opportunity  for 
collaboration  presents  itself  if  unnecessary  duplication  of  trials  work  is 
to  be  avoided  and  the  best  value  obtained  for  the  overall  international 
expenditure  on  this  important  work. 
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1  SUMMARY 


This  paper  is  a  preliminary  report  of  Phase  3  of  the  series  of  Joint 
Australian/UK  Stack  Fragmentation  Trials.  It  is  the  last  of  the 
current  series  conducted  to  examine  the  explosion  effects  from  limited 
quantities  of  explosives  (<  6000  kg)  in  brick  and  concrete  structures 
representing  typical  OK  or  Australian  explosives  storehouses.  The 
paper  describes  the  conditions  for  each  trial  and  gives  some 
preliminary  results.  No  conclusions  are  drawn  at  this  stage  since  the 
results  from  the  overall  series  of  trials  are  being  consolidated  into 
the  UK's  Quantity-Distance  Leaflets.  The  full  results  and 
recommendations  are  considered  in  more  detail  in  the  final  report 
which  will  be  published  in  late  1938. 

2  ACREOWLEBGSaKHTS 

The  UK  authors  wish  to  acknowledge  the  major  contribution  made  by 
the  Australian  Department  cf  Defence  to  the  work  reported  here.  The 
work  was  made  possible  by  the  use  of  the  Woomera  range  and  the 
support  provided  by  and  through  the  Directorate  of  Trials. 

The  trials  were  arranged  through  British  Defence  Research  Scientific 
Staff  Canberra  (Dr  B  H  Allen)  with  Director  of  Trials  (Group  Captain 
Coutts).  The  main  contributors  to  the  trials  were  the  Australian 
Army  (Project  Officer,  Major  B  M  Basruley  and  Project  Officer  Field. 
Major  C  Hr  ore  ton  with  SOD  Staff  and  detachments  from  21  Construction 
Squadron),  KMB  Salisbury  (under  Mr  H  Evans),  WSRL  Salisbury  (under  Mr 
K  Schebalia)  and  DSCW  Personnel  at  Woomera  (under  Mr  D  Fail).  Staff 
were  also  supplied  from  Australian  Ordnance  Factories  to  carry  out 
weighing  and  sorting  of  fragments. 

The  trials  would  not  have  been  possible  without  the  aid  of  the  US 
Department  of  Defense  Explosives  Safety  Board  who  supplied  surplus 
175mm  shell  for  use  in  the  trials. 

The  trials  proposals  were  discussed  in  detail  and  approved  by  the  UK 
Explosives  Storage  and  Transport  Committee  (ESTC). 
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3  BACKGROUND  TO  PHASE  3 

The  Explosion  Effects  Sub-Committee  (EESC)  of  2STC  recommended  in 
1980  the  investigation  of  fragments  and  debri3  arising  from  an 
untraversed  bomb  stack,  one  having  a  standard  2  degree  traverse  and 
also  one  with  a  10  degree  traverse.  In  addition,  the  effect  of  having 
such  a  stack  inside  a  typical  brick  built  storehouse  with  a  protective 
concrete  roof,  under  comparable  traversed  conditions,  was  also  to  be 
determined.  Consequently  Phase  1  was  planned  and  carried  out  at  DSC 
Woomera  during  May  1962. 

As  a  result  of  reservations  expressed  b7  SARDS  concerning  the 
symmetry  of  the  bomb  stacks  used  in  Phase  1  it  was  decided  to  carry 
out  a  Phase  13  search  over  part  of  the  sites  used  during  Phase  1.  A 
comprehensive  sampling  plan  was  devised,  utilising  visual  search  and 
metal  detection  techniques,  and  was  carried  out  at  DSC  Woomera  during 
May  1984.  Thi3  sampling  plan  has  formed  the  basis  of  all  subsequent 
debris  sampling. 

Combination  of  the  results  from  Phase  1  and  IB  resulted  in  a 
recommendation  to  reduce  minimum  fragment  throw  distances  and  showed 
that  the  RABDE  reservations  were  unfounded.  The  trials  to  date  had 
shown  that  there  appeared  to  be  no  reason  to  apply  a  minimum 
quantity-distance  of  27C/400m  for  fragment/debris  throw  to  a  building, 
of  construction  similar  to  those  tested  and  traversed  preferably  to 
the  eaves,  or  an  open  stack  traversed  with  the  standard  OK  2  degree 
traverse.  The  recommendation  was  to  use  D13  distances  for 
fragment/debris  throw,  with  a  minimum  of  270m  for  quantities  less  than 
the  1800kg  tested  in  Phase  1,  as  determined  in  ESTC  Leaflet  5  Part  2. 
This  would  still  give  adequate  protection  from  the  effects  of  blast. 
The.  270m  minimum  distance  was  an  interim  measure  which  was  expected 
would  be  reduced  when  the  results  of  Phase  2  were  available. 

A  Phase  2  had  been  recommended  because  of  some  doubts  as  to  the 
applicability  of  the  trials  to  buildings  which  were  considerably  weaker 
than  those  tested,  e.g.  with  115mm  brick  walls  and  because  it  was  not 
felt  that  the  results  allowed  extrapolation  down  to  small  quantities 
of  explosives  {le.33  than  1800  kg).  Both  of  these  doubts  were  based 
on  the  uncertainty  over  building  break-up  due  to  lighter  construction 
or  lighter  loading. 

Consequently  Phase  2  was  proposed  using  smaller  quantities  of 
explosives,  typically  of  a  few  hundred  kilograms,  in  a  similar  type 
brick  built  building  to  ascertain  the  effect  of  reduced  loading. 

Similar  trials  were  also  proposed  to  ascertain  the  situation  for  a 
brick  building  of  lighter  construction  and  a  concrete  structure. 

Phase  2  was  conducted  at  DSC  Woomera  in  early  1985  and  consisted  of 
detonating  a  variety  of  charges  in  different  structures  (Ref  2).  This 
confirmed  the  Phase  1  results  but  did  not  produce  the  expected 
reduction  in  the  270  m  minimum  distance. 

However  there  remained  some  concern  that  the  worst  case  situations 
had  not  been  addressed  and  proposals  were  put  forward  to  carry  out 
a  Phase  3  to  examine  the  effects  of  larger  quantities  in  buildings 
similar  to  those  used  in  Phase  2. 
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4  AM  0?  PEASE  3 


The  price  aim  of  Phase  3  wa3  to  obtain  additional  data  on  the 
distribution  cf  hazardous  fragments  and  debris  from  an  explosion  in  a 
building  to  supplement  those  obtained  from  earlier  trials.  Phase  3 
was  to  examine  the  situati.cn  with  regard  to  typical  OK  style 
explosive  storehouse  structures  loaded  with  fragmenting  ammunition  at 
Net  Explosive  Quantities  (NEQ)  of  up  to  5600  kg. 

From  thi3  data  it  was  hoped  to  consolidate  the  recommendations  from 
the  earlier  trials  to  verify  the  existing  and  proposed  Q-Ds  based  on 
fragment/debris  throw  considerations. 

5  PROPOSALS  FOB  PHASE  3 

Phase  3  was  finalised  at  a  total  of  5  trials  as  detailed  below.  Since 
Phase  1  consisted  of  Trials  1  to  4  and  Phase  2  consisted  of  Trials  5 
to  8,  the  sequence  was  continued  to  Trials  9  to  12  for  Phase  3.  For 
Phase  3  the  NEQs  to  be  tested  were  primarily  1300  and  5800  kg  which 
were  considered  to  be  more  typical  of  limited  storage  situations. 

Trial  9:  A  building  was  constructed  of  355  am  cavity  brick  walls  with 

a  150  ram  "einforced  concrete  roof,  internal  dimensions  of  6  m  square 

by  2.5  m  high,  with  a  door  of  plywood  and  16  gauge  mild  steel 

covering.  Tie  design  also  incorporated  a  concrete  beam  to  support 

the  roof  panels.  The  explosive  content  of  the  building  would  be 
sufficient  175  mm  fragmenting  shell  of  Hazard  Division  1J.  (Composition 
B  filled)  to  give  a  total  na+  explosives  content  for  the  building  of 
1800  kg. 

Trial  10:  A  building  was  constructed  of  395  ram  cavity  brick  walls  with 

a  150  mm  reinforced  concrete  roof,  internal  dimensions  of  9  m  by  4.5  m 

by  2.5  m  high,  with  a  dcor  of  plywood  and  18  gauge  mild  steel 

covering.  The  design  also  incorporated  a  concrete  beam  and  pillar  to 

support  the  roof  panels.  The  explosive  content  of  the  building  would 
be  sufficient  175  mm  fragmenting  shell  of  Hazard  Division  LI 
(Composition  B  filled)  to  give  a  total  net  explosives  content  for  the 
building  of  5509  kg. 

Trial  11:  A  building  was  constructed  of  200  mra  reinforced  concrete 
walls  with  a  150  mm  reinforced  concrete  roof,  internal  dimensions  o.f  8 

m  square  by  2.5  m  high,  with  a  door  of  plywood  and  16  gauge  raid 

steel  covering.  The  design  also  incorporated  a  concrete  beam  to 
support  the  roof  structure.  The  explosive  content  of  the  building 
would  be  sufficient  175  mm  fragmenting  shell  of  Hazard  Division  1.1 
(Composition  B  filled)  to  give  a  total  net  explosives  content  for  the 
building  of  1800  kg. 

Trial  12:  A  buildirg  was  constructed  of  2C0  ram  reinforced  concrete 
walls  with  a  160  .ram  reinforced  concrete  roof,  internal  dimensions  cf  6 

m  square  by  2.5  m  high,  with  a  door  of  plywood  and  16  gauge  mild 

steel  covering.  Tho  design  also  incorporated  a  concrete  beam  to 
support  the  roof  structure.  The  explosive  content  of  the  building 
would  be  sufficient  175  mra  fragmenting  shell  of  Hazard  Division  1.1 
(Composition  B  filled)  to  give  a  total  net  explosives  content  for  the 
building  of  6600  kg. 
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Trials  9-12  were  traversed  to  the  level  of  the  eaves  of  the  building 
on  three  sides,  the  remaining  side  being  left  untraversed.  In  order 
to  provide  continuity  and  ease  of  comparison  with  Phases  1  and  2  the 
traverses  erected  in  the  SE  and  SW  sectors  for  each  building  were 
the  standard  double  slope  type  traverse  and  the  door  to  the  building 
was  in  the  NS  side.  The  remaining  traverse  on  the  KW  3ida  was  a 
vertical  faced  traverse  providing  protection  to  the  eaves  of  the 
building  and  backed  with  earth  to  the  design  given  in  SSTG  Leaflet  6. 
As  in  Phases  1  and  2  local  soil  was  used  in  the  construction  of  the 
traverses. 

Trial  13.  Due  to  interest  expressed  in  UK  and  the  Australian 
Department  of  Housing  and  Construction  and  oacause  of  the 
ratifications  of  using  Steelcrete  cladding  to  improve  security,  UK 
added  a  further  trial  to  ascertain  the  effects  on  debris  throw  of 
Steelcrete  cladding  on  a  conventional  brick  building.  To  allow  read 
across  from  results  already  obtained  during  Phase  2,  the  building  was 
constructed  of  395am  cavity  brick  walls  with  a  15 Omni  reinforced 
concrete  roof,  internal  dimensions  of  3.5  m  square  by  2.5  a  high,  with 
a  door  of  plywood  and  16  gauge  mild  steel  covering.  The  explosive 
content  of  the  building  would  be  sufficient  175mm  fragmenting  shell  of 
Hazard  Division  1.1  (Composition  B  filled)  to  give  a  total  net 
explosives  content  for  the  building  of  500  kg.  The  building  was 
traversed  to  the  eaves  using  standard  douhle  slope  traverses  in  the 
SE  and  SW  sectors  and  the  door  to  the  building  was  again  in  the 
side. 

Trial  12A.  This  trial  was  carried  out  to  make  good  use  of  the 
additional  shell  which  would  otherwise  simply  have  been  demolished.  It 
was  instrumented  using  the  gauges  already  laid  out  in  the  45  degree 
direction  on  Trial  12  with  the  charge  being  placed  at  50  metres  from 
ground  zero  on  the  gauge  axis.  The  intention  was  to  measure  the 
resultant  blast  pressures  which  should  give  two  possible  assessments: 

a.  A  baseline  for  comparison  of  the  various  shots. 

b.  A  figure  for  the  TMT  equivalence  and  casing  factor  for  these 
particular  3heli. 

The  charge  used  was  forty-five  175ma  shell,  primers  and  detcord 
giving  a  calculated  NEQ  of  650  kg. 

All  trial  sites  were  on  virgin  ground,  with  minimum  separation 
distances  specified  to  ensure  that  there  would  be  no  fragment 
contamination  between  sites. 

It  was  essential  that  all  the  munitions  used  in  any  one  trial  were 
initiated  virtually  instantaneously.  UK  would  have  preferred  that  the 
initiation  followed  a  propagation  mechanism  as  far  as  was  possible,  ie 
one  shell  being  initiated  normally  and  detonating  cord  used  to  ensure 
transmission  of  tha  detonation  to  the  other  shell  present.  This  was 
in  preference  to  each  shell  being  initiated  separately  since  this  dees 
not  represent  a  practical  accident  situation.  However  in  common  with 
Phase  2  it  was  necessary  to  accept  simultaneous  detonation  of  all 
the  munitions,  to  eliminate  any  subsequent  possible  EOD  problems. 
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The  main  requirement  fcr  each  trial  was  the  collection  of  fragments 
and  building  debris  generated  by  the  explosion  of  the  building  and  its 
contents.  To  this  end  it  was  necessary  to  mark  out  collection  areas 
similar  to  those  used  for  Phase  2.  The  initial  collection  areas  would 
be  10  degree  sectors  running  to  the  NS,  3E,  SW  and  NW  of  each  site 
extondiiig  over  the  distances  shown  in  Figure  1.  This  would  then  be 
supplemented  with  radial  searches  determined  as  a  result  of  the 
analysis  of  the  initial  search  sectors.  The  actual  collection  methods 
were  two-fold,  metal  fragments  being  detected  by  visual  search, 
backed  up  by  the  use  of  metal  detectors  where  necessary,  and  building 
debris  by  a  visual  search.  Jn  common  with  Phase  2  it  was  only 
considered  to  be  necessary  to  determine  the  search  area  in  which  the 
fragrst-nts  or  debris  are  collected  and  there  was  no  requirement  to 
plot  the  individual  position  of  each  piece  collected,  except  where  any 
large  structural  debris  was  found. 

In  addition  to  the  basic  search  pattern  shewn  a  search  wa3  also 
undertaken  of  the  crater  and  traverses  on  one  site  to  determine  the 
concentration  of  fragments  which  have  been  projected  into  the  crater 
and  traverses.  This  was  intended  as  an  attempt  to  establish  a  mass 
balance  for  the  shell  metal  and  should  give  so  mo  estimate  for  the 
efficiency  of  projection  of  the  primary  fragments. 

Bach  trial  wa3  instrumented  f  ;r  blast  to  determine  that  a  successful 
complete  detonation  was  achieved  and  to  allow  an  assessment  of  any 
attentuations  afforded  by  the  different  structures  and  traverses 
under  te3t.  An  arrangament  of  three  lines,  each  of  four  blast 
gauges  positioned  a3  shown  in  Figure  2  running  to  tho  NW,  NS  and  SK 
of  each  site  was  required. 

Each  trial  was  recorded  on  high  speed  cine  film  and  video  as  a  record 
of  the  trial.  Still  colour  photographs  were  taken  before  and  after 
each  detonation  and  during  the  collection  phases  .  A  ’ddeo  record 
and  still  colour  photographs  of  the  construction  phases  were  also 
obtained  and  provided  a  detailed  coverage  of  the  construction  of  each 
building. 

Photographs  taken  overhead  of  the  detonation  in  two  of  the  Phase  2 
trials  had  yielded  some  additional  very  relevant  information,  which 
would  not  otherwise  have  been  obtained,  and  it  was  intended  that  this 
exercise  should  be  repeated  in  Phase  3  for  each  of  the  four  trials  if 
possible  but  as  a  minimum  for  at  least  one  of  the  brick  building  and 
one  of  the  concrete  building  detonations.  In  practice  only  Trial  9 
was  actually  photographed  successfully  because  of  various  technical 
difficulties. 

As  a  result  of  discussions  with  DRCS  Salisbury  during  a  planning  visit 
in  1985  additional  filming  support  was  suggested  which  would  provide  a 
capability  to  analyse  the  trajectories  and  velocities  of  debris  lobbed 
from  each  explosion  site.  These  fragments  were  expected  to  be  in  the 
weight  range  of  50-lQGCg  and  100 -2 00 0g  with  impact  velocities  of 
50-70  m/sec  and  30-40  a/sec  for  metal  and  building  debris  fragments 
respectively.  Cine  cameras  were  situated  in  pairs  pointing  across  the 
major  plane  of  fragment  travel,  at  distances  of  27  0  metres  and  400 
metres,  as  these  ranges  are  of  particular  concern  and  were  expected 


FIGURE  1 
Fragment  Search 
Representative  Layout 


Atl  dlaaaalaaa  la  aatrae 

Hot  u  Seals 

la  aaek  a  a  In  »actar  saareb  arta 
(A.D.C.O)  taarsb  grlda  ara  10  dagraaa 
*flit  by  20  a  daap 
A  foliar  ^ascription  af  the  individual 
trial  taareli  tayaota  ara  glvaa  la  tfc# 
aalD  rapoit 


600 


MO 


FIGURE  2 

Air  Blast  Measurement 
Representative  Layout 


Not  to  Scale 

Each  line  haa  tour  measurement  points 


Gf^iUND 

ZERO 


310  Tegrees 


130  Degrees 


to  yield  the  Boat  productive  resulta.  A  grid  was  laid  out  at  these 
ranges  to  aid  in  tho  identification  of  the  fragments  and  to  give  a 
reference  for  the  subsequent  velocity  determinations. 

As  a  result  of  discussions  towards  the  end  of  the  planning  phase  it 
was  decided  to  employ  a  contractor  to  make  laser  photographic 
determinations  of  the  volumes  of  the  traverses  before  each  trial  and 
the  volumes  of  traverses  and  crater  afterwards.  The  intention  was 
to  make  some  estimate  of  the  changes  in  tLu  various  volumes  as  an 
aid  to  estimating  the  effectiveness  of  the  traversing  and  the  energy 
loss  through  moving  material  from  the  crater  and  traverses. 

The  shell  for  the  trials  were  the  remainder  of  the  American  175nua 
munitions  which  were  transported  to  Woomera  in  April  1985  for  use 
during  Phase  2. 

A  detachment  of  21  Construction  Work,  under  the  commend  of  Major  A  G 
Schmidt,  was  tasked  with  carrying  out  the  construction  of  all  buildings 
and  supportive  earthworks.  The  detachment  completed  all  tasks  in 
less  than  the  programmed  time  during  September- November  1987.  A 
further  detachment  provided  manpower  support  for  the  fragment  search 
and  various  technical  tasks  during  the  actual  trial  programme  from 
February -March  1988.  The  performance  of  both  detachments  was  very 
significant  in  the  overall  success  of  the  trial. 


6  FRAGMENT  ARD  D2BEX3  COLLECTION 

The  centre  of  explosion  for  each  trial  was  established  and  a  search 
pattern  grid  was  laid  out  as  shown  in  Figure  1.  Each  area  was  marked 
off  with  tape  and  searched  by  a  visual  sweep,  backed  up  with  a  metal 
detector  where  appropriate. 

In  common  with  earlier  trials  it  was  quickly  established  that  shell 
fragments  had  attained  a  distinctive  blue  colour  due  to  tempering  by 
the  heat  of  the  explosion  which  made  them  readily  identifiable  against 
the  red  coloured  earth  and  stone. 

All  metal  and  masonry  fragments  were  identified  by  collecting  then 
into  receptacles  marked  with  the  search  area  in  which  they  were 
found.  They  were  taken  back  to  base  camp  where  they  were  sorted  by 
type  and  weighed. 

All  metal  and  masonry  fragments  over  50g  and  lOOg  weight  respectively 
were  weighed  and  recorded.  To  enable  analysis  and  sorting  by 
computer  to  be  carried  out  all  fragments  were  sorted  into  weight 
intervals  by  type  and  sector. 

7  FRAGMENT  AND  DEBRIS  CRITERIA  AND  ASSUMPTIONS 

The  fragment  data  was  computar  sorted  using  a  LOTUS  123  program  on 
COMPAQ  and  TOSHIBA  portable  microcomputers  to  calculate  the  numbers 
and  densities  of  lethal  fragments.  The  program  will  allow  further 
analysis  but  for  the  present  only  totals  of  all  lethal  fragments  have 
been  fully  enlysed.  In  common  with  earlier  trials  there  is  still  some 
controversy  over  what  the  weight  criteria  for  these  lethal  fragments 
should  actually  be.  However  the  following  three  assumptions  are  still 
valid: 

ASSUMPTION  1 

Fragments,  whether  metal  or  masonry,  are  lethal,  if  their  kinetic 
energy  exceeds  80J  (58ft  lb). 

ASSUMPTION  2 

All  fragments  will  be  travelling  at  their  free-fall  velocities  on  impact 
which  are  in  the  range  50-60m/a  for  metal  and  30-40m/s  for  masonry. 
It  is  anticipated  that  the  actual  values  for  these  velocities  will  be 
determined  from  the  photographic  analysis  of  the  final  part  of  the 
trajectories  of  typical  fragments  filmed  during  the  triads. 

ASSUMPTION  3 

The  lethal  fragment  density  is  considered  unacceptable  if  it  rises 
above  one  lotlial  fragment  per  56  square  metres  (600  square  feet). 

This  figure  i3  also  accepted  internationally  within  AC  258  and  is 
equivalent  to  approximately  a  IT  chance  of  being  hit  by  a  lethal 
fragment. 

Having  accepted  the  above  assumptions  it  is  then  necessary  to 
interpret  the  values  given  to  allow  analysis  of  the  fragments  and 
debris  collected.  Phase  2  (Ref  2)  recommended  the  use  of  75  and  I50g 
for  jDeta1  and  masonry  fragments  respectively.  The  relative  velocities 
of  tho  two  frsg.acnt  types  would  suggest  a  ratio  In  the  range  between 
1.6-1  to  4.1  for  ocsonry  fragment  weight  to  metal  fragment  weight  and 
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although  the  use  of  larger  masonry  fragment  weights  have  been 
suggested  they  have  not  been  considered  further  in  this  report.  The 
choice  of  the  metal  fragment  weight  at  75g  is  still  conservative  in 
comparison  to  the  criteria  used  by  other  countries. 

8  PRBLIMIflAHY  BSSOLTS 

8J.  TRIAL  13 
Crater  : 

Approximately  half  the  floor  slab  was  still  relatively  intact,  the 
crater  (4  o  long  by  4  a  wide  by  0.8  m  deep)  being  centred  towards 
the  rear  of  the  slab  where  the  charge  had  been  placed  at 
approximately  0.75m  from  the  original  position  of  the  rear  wall  of 
the  building. 

Traverses  : 

The  SB  traverse  appeared  virtually  intact  whilst  the  SW  traverse 
was  eroded  towards  the  open  end. 

Debris  : 

There  was  very  dense  debris  up  to  100m  decreasing  very  rapidly 
beyond  100m.  The  significant  debris  appeared  to  be  all  of  quarter 
brick  size  or  equivalent  (most  is  in  fact  either  steelcrete  cr 
concrete  debris).  There  were  also  large  pieces  or  agglomerations  of 
reinforcing  bar. 

There  were  several  large  pieces  of  concrete  debris  from  the  roof 
with  attached  reinforcing  bars,  some  broken  up  on  impact.  One  piece 
was  approximately  one  metre  square  with  a  considerable  amount  cf 
reinforcing  bar  attached  and  a  similar  piece  had  impacted  Just 
behind  the  firing  unit.  Some  15  of  these  large  pieces  of  debris 
were  identified,  almost  all  within  200  a  of  ground  zero. 

The  results  of  the  mein  debris  collections  are  shown  graphically  in 
the  following  two  figures.  The  first  figure  shows  the  density 
variation  with  range  for  the  four  main  sector  searches  at,  45,  135, 
225  and  315  degrees.  The  second  figure  shows  the  dersity  variation 
with  direction  at  a  distance  of  273  metres.  Note  that  the  density 
for  all  the  figures  published  in  this  section  are  lethal  fragment 
densities  which  are  taken  as  the  number  of  potentially  lethal 
fragments,  i.e.  metal  fragments  greater  than  or  equal  to  7£>  grammes 
and  masonry  fragments  greater  than  or  equal  to  150  grammes,  per 
unit  area  of  56  square  metres  Th*  currently  accepted  AC  258 
value  for  tolerable  fragment  dersity  to  the  general  puhlic  is  o no 
potentially  let.hai  fragment  per  56  square  metres. 
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Blast  Instrumentation: 

A  few  problems  had  been  encountered,  primarily  direct  primary 
fragment  attack  on  the  gauges  but  also  a  great  deal  of  noise  prior 
to  the  arrival  of  the  shock  front.  It  was  considered  that  the  noise 
is  due  to  either  ground  shock  or  the  bow  waves  from  the  primary 
fragments.  Ground  3hock  noise  had  been  noticaahle  on  the  records 
for  Phase  1  and  lead  was  used  in  the  gauge  mounts  for  Phase  2  to 
counteract  the  problem.  Modifications  were  made  to  the  gauge 
mounts  for  the  later  tests  to  see  if  the  problem  could  be 
eliminated. 

8.2  THIAL  9 
Crater  : 

The  crater  was  approximately  the  size  and  shape  of  the  floor  slab, 
being  6.5  m  wide  by  7.5  m  long  by  1.8  m  deep.  The  front  part  of 
floor  slab  was  still  in  position  but  broken  and  heaved  up. 

Traverses  : 

The  vertical  faced  traverse  was  blown  over,  the  backfill  being 
reduced  to  about  2  OX  of  original  volume.  Wood  and  earth  from 
traverse  was  spread  out  behind  traverse  position  to  about  50  a. 
There  was  some,  although  not  apparently  significant,  erosion  of  two 
double  mound  traverses. 

Debris  : 

Several  large  pieces  of  concrete  debris  with  attached  reinforcing 
bar  were  found,  the  majority  being  inside  200  a. 

Because  of  all  the  debris  apparent  on  the  ground  at  200-300  metre 
range  and  the  results  shown  by  the  main  sector  searches  additional 
searches  10  degrees  either  side  of  the  135,  225  and  315  degree 
sectors  from  200-400  m  were  conducted  (except  for  NW  sector  where 
search  was  extended  out  to  ad 0  a  because  of  higher  fragment 
densities). 

The  results  of  the  main  debris  collections  are  shown  graphically  In 
the  following  two  figures.  The  first  figure  shows  the  density 
variation  with  range  for  the  four  main  sector  searches  at  45,  135, 
225  and  315  degrees.  The  second  figure  shows  the  density  variation 
with  direction  at  a  distance  of  270  metres. 
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Blast  Instrumentation: 

Three  gauges  were  mounted  at  150  m  In  different  mounts  (including 
one  gauge  mounted  as  for  Phase  2)  to  check  the  validity  of 
measurements  in  40  degree  direction.  The  three  gauges  produced 
virtually  identical  records.  Preliminary  results  indicate  very  good 
records  from  the  130  and  310  directions  but  with  a  lot  of  noise 
still  apparent  on  the  40  degree  direction. 

8.3  T2I4L  10 
Crater  : 

The  crater  was  approximately  the  sire  and  shape  of  the  floor  s’ab, 
being  10  m  long  by  9  m  wide  by  2  m  deep,  with  large  pieces  of  the 
footings  on  the  lip  of  the  crater. 

Traverses  : 

The  vertical  faced  traverse  was  almost  totally  destroyed.  Only  the 
supports  in  the  comer  Junction  with  the  rear  traverse  were  still 
in  place  although  displaced  outwards.  Tha  bulk  of  the  wood  and 
earth  fill  from  the  traverse  was  strewn  back  behind  tha  traverse 
position  to  about  50  m.  The  other  traverses  were  eroded  but 
remained  still  largely  intact. 

Debris  : 

The  vast  majority  of  the  debris  apparent  inside  a  100  m  radius 
circle  from  ground  zb  to  were  apparently  less  than  tha  weights  of 
interest.  A  sample  of  the  typical  brick  debris  confirmed  this. 

Some  40  large  pieces  of  debris  were  identified,  mostly  concrete 
with  associated  reinforcing  bar. 

Additional  search  area*  at  400-420  a  from  135  to  315  degrees  were 
also  covered  because  of  initial  concern  from  Trial  9  results  that 
there  could  be  debris  of  interest  at  this  range. 

The  reauJt3  of  the  main  debris  collections  are  shown  graphically  in 
the  followirg  two  figures.  The  first  figure  shows  the  density 
variation  with  ran:;e  for  the  four  mein  sector  searches  at  45.  135, 
225  and  315  degrees.  The  second  figure  shows  the  density  variation 
with  direction  at  a  distance  of  400  metres. 
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TRIAL  10  BRICK  WALLS  CONCRETE  ROOF 


OlractlMt!  SMrcn 


RAMI  (MCTKES) 

D  49  4  ISC  •  329  A  919 


TRIAL  10  RANGE  400  METRES 


Blast  Instrumentation: 

Thera  were  no  apparent  problems  with  much  less  noise  in  the 
signals.  Preliminary  results  indicated  reductions  from  expected 
overpressures  in  all  directions,  with  reductions  being  marginally 
greater  in  traversed  directions. 

8.4  TEIAL  21 
Crater  : 

The  crater  was  approximately  the  size  and  shape  of  the  floor  slab, 
being  7  a  long  by  5.5  m  wide  by  1.4  m  deep,  with  the  front  part  of 
the  floor  slab  broken  up  but  intact.  The  reinforcing  tie  bars  for 
the  walls  were  all  very  obvious,  protruding  to  their  full  length 
(0.5m)  from  the  displaced  footings. 

Traverses  : 

Damage  to  the  traverses  and  the  base  cf  the  building  was  virtually 
identical  to  that  from  Trial  9. 

The  vertical  faced  traverse  was  again  blown  out  in  the  centre  part 
with  the  uprights  shorn  off  and  thrown  back  over  the  traverse 
position.  The  outer  parts  were  displaced  but  relatively  intact. 
Traverse  earth  fill  and  wood  were  strewn  back  to  approximately 
150m  behind  the  traverse  position. 

Debris  : 

An  additional  search  area  was  covered  out  to  720a  in  the  45 
degree  direction  to  identify  the  density  of  fragments  beyond  600  m. 

Preliminary  results  from  the  prescribed  search  areas  identified  a 
potential  problem  in  the  SW  direction  with  relatively  high  fragment 
densities  being  recorded  from  210-260  degrees  at  270ra.  This  did  not 
appear  to  be  validated  by  qualitative  searching  either  side  of  the 
225  degree  sector  at  200-300m  but  to  improve  the  data  further 
search  areas  were  covered  from  210-260  degrees  at  250  and  290 
metres. 

There  was  a  great  deal  of  reinforcing  bar  of  various  sizes 
scattered  all  round  the  site  but  in  particular  inside  100  metres. 
There  appeared  to  be  very  few  hazardous  fragments  of  concrete 
inside  100  metres  with  most  material  being  small  and  pulverised.  A 
sample  of  this  material  was  collected. 

Some  30  large  pieces  of  debris  were  identified,  mostly  concrete 
with  associated  reinforcing  bar. 

The  results  of  the  main  debids  collections  are  shown  graphically  in 
the  following  two  figures.  The  first  figure  shows  the  density 
variation  with  range  for  the  four  main  sector  searches  at  45,  135, 
225  and  315  degrees.  The  second  figure  shows  the  density  variation 
with  direction  at  a  distance  of  270  metres. 
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Blast  Instrumentation; 

Successful  records  were  obtained  from  the  shot. 

8.5  TRIAL  12 
Crater  : 

The  crater  was  almost  exactly  the  shape  and  size  of  the  floor 
slab,  being  6.6  m  long  by  6.2  m  wide  by  1.5  a  deep.  The  footings  had 
been  thrown  up  on  to  the  lip  of  the  crater. 

Traverses  : 

The  vertical  faced  traverse  was  almost  completely  destroyed.  Only 
the  corner  posts  at  the  junction  with  tha  GW  traverse  were  still 
close  to  their  original  positions.  Timber  and  earth  fill  wac 
scattered  out  to  100  metres  from  33b  to  45  degrees.  There 
appeared  to  be  very  little  erosion  of  the  double  mound  traverses. 

Debris  : 

A  large  amount  of  pulverised  material  wa3  again  observed  up  to  120 
metres  from  ground  zero. 

Some  80  large  pieces  of  debris  were  identified,  mostly  concrete 
with  associated  reinforcing  bar. 

There  was  a  significant  amount  of  debris  in  both  the  45  and  135 
degree  direction  comprising  either  pieces  of  concrete  or  reinforcing 
bar.  The  lethal  fragment  density  out  to  800m  in  both  sectors  was 
very  low  (considerably  less  than  1). 

In  the  45  degree  direction  there  were  still  isolated  pieces  of 
concrete  out  to  1200a  but  there  was  no  further  debris  found 
beyond  1200a.  An  impact  area  was  noted  at  1020m  but  no  equivalent 
large  fragment  was  found.  The  siaa  of  the  impact  area  suggested 
that  the  concrete  and  reinforcing  bar  found  out  to  1100m  from  this 
point  may  be  the  remains  of  the  impact. 

In  the  135  degree  direction  there  was  a  further  band  of  potentially 
lethal  debris  out  to  900m  approximately  25m  either  side  of  the  135 
degree  line.  The  apparent  density  was  vary  low  however.  Some  15 
fragments  of  concrete  were  found  beyond  700  ci  in  this  direction 
but  no  furtner  debris  was  fo’uid  beyond  lOQOia. 

Further  searches  were  carried  out  from  40G-S00m  either  side  of 
the  135  degree  direction  *ud  in  the  215  degree  direction  because  of 
the  amount  of  debris  no*  ad  in  these  areas. 

The  results  of  the  main  debns  collections  are  shown  graphically  in 
the  following  two  figures.  The  first  figure  3hows  the  density 
variation  with  range  for  the  four  main  sector  searches  at  45,  135, 
225  and  315  degress.  The  second  figure  shews  the  density  variation 
with  direction  at  a  distance  of  400  metres. 
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Blast  lastruKSRtatioTi: 

Successful  records  were  obtained. 


8.6  Trial.  12k 
Crater: 

Approximately  3  :*  diameter  by  1.5  is  deep. 

8.7  Photographic  Coverage: 

Video  coverage  of  the  explosion  for  Site  13  and  subsequent 
exlosions  identified  several  fragments  impacting  on  the  grid  areas. 
Later  viewing  c£  the  cine  film  from  the  various  trials  showed  that 
there  were  apparently  a  large  number  of  fragments  which  should  be 
amenable  to  velocity  analysis. 

Aerial  coverage  from  a  helicopter  of  the  event  in  Trial  9  was  very 
successful  vdth  good  video  and  still  camera  coverage. 

For  Trial  19  there  was  no  aerial  coverage  because  of  camera 
operational  difficulties.  Infra-red  photographic  coverage  from  the 
aircraft  immediately  after  the  explosion  did  not  show  up  any 
fragments  of  interest  as  the  resolution  available  was  not  high 
enough. 

For  Trial  11  the  helicopter  developed  engine  trouble  and  had  to 
make  an  emergency  landing.  The  firing  was  delayed  in  the  hope  that 
the  problem  could  be  resolved.  However  a  new  engine  was  required 
and  the  firing  went  ahead  without  aerial  coverage.  The  helicopter 
team  photographed  the  shot  from  the  main  observation  point. 

For  Trial  12  because  of  problems  with  the  firing  circuit  the 
cameras  ware  started  but  no  explosion  took  place.  As  the  backup 
unit  appeared  to  have  the  same  problem  the  decision  was  made  to 
procaed  with  the  trial  without  photographic  coverage  since  there 
were  excellent  photographs  from  which  velocity  measurements  can  be 
made  from  all  the  other  trials  and  the  high  speed  coverage  of  the 
actual  events  has  shown  no  information  to  date.  There  was  also  no 
aerial  coverage  as  the  duration  of  the  F-1H  aircraft  did  not  allow 
it  to  remain  in  the  airspace  during  the  long  delay. 

9  FUT0B5  KOBE 

The  work  carried  out  to  date,  including  the  currant  trials  reported 
hare,  appear  to  consolidate  the  information  required  by  OK  to  verify 
existing  and  proposed  distances  for  fragment  and  debris  throw  from 
limited  (<  6000  kg)  quantitias  of  explosives  in  a  variety  of  explosive 
storehouse  structures.  Although  no  firm  conclusions  are  offered  at 
this  stage  from  this  phase  of  the  work  there  is  no  apparent  need  to 
gather  any  more  data  for  this  part  of  the  Quantity-Distance  tables. 
However  tho  series  of  trials  have  shown  that  it  is  not  possible  to 
taka  for  granted  the  existing,  often  very  subjective  standards,  for 
minimum  fragment  and  debris  standards  for  buildings. 
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bach  work  has  been  commissioned  by  the  US  DDSSB  to  Investigate  the 
problems  of  open,  untraversed  stacks  of  fragmenting  ammunition,  in 
particular  with  respect  to  maximum  and  safe  fragment  distances. 

Similar  work  has  been  conducted  for  a  variety  of  weapons  by  the  OK 
Ordnance  Board.  However  very  little  information  exists  for  the 
situation  when  these  same  weapons  and  fragmenting  ammuntion  are 
stored  inside  a  structure  which  does  more  than  simply  provide  weather 
protection.  This  was  the  primary  reason  for  the  UK  conducting  the 
present  series  of  Stack  Fragmentation  Trials. 

However  the  question  still  remains  whether  the  existing  blast 
generated  Quantity-Distances  provide  a  sufficient  degree  of 
protection  against  fragment  and  debris  effects  for  more  typical 
storage  quantities  of  several  tens  of  tonnes  NEQ  of  ammunition  and 
axpiosives.  Normally  such  quantities  would  be  stored  in  igloos 
according  to  present  day  standards  and  the  Explosion  Effects 
Sub-committee  of  ESTC  have  considered  that  some  work  is  needed  to 
verify  the  existing  Quantity-Distances  for  igloos  in  terms  of  debris 
hazard.  This  becomes  especially  important  when  it  is  realised  that  AC 
253  reduced  the  outside  Quantity-Distances  from  the  rear  and  side  of 
igloos  with  NEQs  of  less  than  45,000  kg,  and  it  is  not  apparent  that 
any  consideration  was  given  to  the  debris  hazard  posed  by  these 
types  of  igloos.  In  addition,  in  the  light  of  the  OKs  journey  down  the 
route  of  potential  application  of  Bisk  Analysis  techniques  to  the 
storage  and  handling  of  explosives  it  is  even  more  essential  to  obtain 
some  picture  of  the  hazards  posed  by  igloos  ,  as  well  as  other  types 
of  storage,  at  distances  Intermediate  between  ground  zero  and 
inhabited  building  distances  (  and  beyond  ?  •). 

Consequently  ESTC  have  opened  negotiations  with  the  Australian 
Department  of  Defence  with  a  view  to  conducting  a  trial  with  a  NATO 
Standard  Igloo,  loaded  to  some  50,000  kg  NEQ,  to  investigate  the 
explosion  efffects  from  an  accidental  explosion  of  the  contents  of 
such  a  structure.  At  the  present  moment  it  is  anticipated  taht  any 
such  trials  would  take  place  in  early  1990. 
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1.  Joint  Australian/UK  Stack  Fragmentation  Trials 
Phase  1  Report  -  F  Bowman  et  ad 
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Q-D  Requirements  for  New  Norwegian  Aircraft  Shelter  Design 


by 


Patricia  Moseley  Bowles 
Mark  6.  Nhltney 
Michael  A.  Polcyn 


ABSTRACT 


Current  quantity-distance  (Q-D)  safety  criteria  for  siting  NATO 
aircraft  shelters  are  based  on  recommendations  and  conclusions  from  the 
DISTAfii  RUNNER  test  series.  The  DISTANT  RUNNER  program  included  full 
scale  explosion  tests  of  third  generation.  United  States  Air  Force 
Shelters  in  normal  munition  storage  configurations  exposed  to  internal 
detonations.  Data  collected  from  these  tests  were  utilized  to  establish 
hazardous  debris  range  and  hazardous  blast  contours  to  the  front,  side, 
and  rear  of  a  shelter.  This  Information  Is  the  basis  of  current  Q-D 
siting  criteria  for  aircraft  shelters  which  appear  in  DOO  6055.9  and  AFR 
127-100. 

A  new  aircraft  shelter  design  which  has  been  termed  the  "combined 
Norwegian/US  design"  is  being  proposed  for  construction  In  Norway.  Test 
data  for  debris  or  blast  hazards  do  not  exist  for  this  specific  shelter 
design.  The  Norwegian  Defence  Construction  Service  (NDCS)  funded 
Southwest  Research  Institute  (SwRI)  to  review  the  DISTANT  RUNNER  and  new 
Norwegian  shelter  designs  noting  structural  similarities  and 
differences,  and  to  recommend  whether  the  differences  preclude  use  of 
current  Q-0  criteria  for  siting  the  new  Norwegian  shelters.  Conclusions 
of  the  study  indicated  insufficient  confidence  In  using  the  current 
criteria  for  safe  siting  of  structures  to  the  front  and  side  of  the  new 
shelter  due  to  substantial  variations  in  the  arch  and  the  front  door 
designs.  A  plan  of  action  for  determining  the  proper  Q-D  environment 
for  the  new  Norwegian  shelter  was  developed  as  a  result  of  the  study. 
The  plan  Includes  testing  recommendations  and  steps  necessary  to 
establish  safety  criteria  which  apply  to  the  new  shelter  design. 
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Current  quantity  distance  (Q-D)  safety  criteria  for  siting  NATO 
aircraft  shelters  are  based  on  reccimsndatlcns  and  conclusions  from  an 
explosion  test  series  known  as  DISTANT  RUNNER.  The  DISTANT  RUNNER 
program  Included  full  scale  tests  of  internal  detonations  of  normal 
munitions  storage  configurations  in  third  generation,  United  States  Air 
Force  shelters.  The  program  is  described  in  References  1,  2,  and  3. 
Reference  3  presents  results  of  two  tests  (Events  4  and  5)  In  which 
Internal  detonations  resulted  in  the  throw  of  hazardous  debris  and  the 
venting  of  blast  waves  around  the  shelter  site.  The  data  collected  from 
these  tests  were  utilized  to  establish  hazardous  debris  range  and 
hazardous  blast  contours  In  various  directions  about  the  shelter.  This 
information  Is  the  basis  of  current  Q-D  siting  criteria  for  aircraft 
shelters  which  appear  In  Chapter  10  of  DOC  €055.9  and  Chapter  5  of  AFR 
127- ICO.  The  Inhabited  building  distances  are  set  at  the  1.2  psl  blast 
contours  for  the  'JS  and  about  0.7  psl  for  NATO.  After  the  DISTANT 
RUNNER  test  program  was  completed,  the  United  SUtes  Naval  Surface 
Weapons  Center,  Research  and  Technology  Department  completed  the 
Aircraft  Shelter  Model  Test  (ASMT)  scries  which  repeated  the  DISTANT 
RUNNER  explosion  tests  using  small  scale  (1/10)  replica  models.  The 
tests  and  results  are  documented  and  compart'd  with  the  full  scale  tests 
In  References  4  and  5. 

The  Norwegian  Defence  Construction  Service  (MDCS)  has  expended  a 
large  amount-  of  research  effort  in  developing  aircraft  shelter  designs. 
NOCS  completed  a  test  program  described  In  References  6  and  7  utilizing 
models  of  third  generation  Norwegian  aircraft  shelters  to  establish  Q-D 
criteria  for  these  structures.  In  addition,  NDCS  was  very  Involved  in 
the  DISTANT  RUNNER  and  the  ASMT  programs.  NOCS  has  been  ask'd  to 
utilize  a  shelter  design  which  has  been  termed  the  "Combined 
No rvogl an/US  Design".  Test  data  for  debris  or  blast  hazards  do  not 
exist  for  this  specific  shelter  configuration.  However,  structural 
similarities  between  the  thii-d  "operation  US  shelters  tested  in  DISTANT 
RUNNER  and  the  combined  Norwegian/US  design  are  apparent  as  Indicated  In 


Figure  1.  NDCS  has  three  major  questions  for  NATO  and  the  explosives 
safety  community: 

•  Are  the  differences  in  the  two  shelter  designs  significant, 
l.e.  can  DISTANT  RUNNER  results  apply  to  thu  new  combined 
design? 

•  If  the  differences  are  significant,  are  there  any  data 
available  which  night  be  utilized  to  establish  Q-D  criteria 
for  the  new  design? 

•  If  sufficient  data  are  unavailable,  what  Is  the  most  cost 
effective  method  of  collecting  data  (tasting  or  engineering 
analysis}? 

Southwest  Research  Institute  {SwRI)  was  funded  by  NDCS  to  provide 
an  answer  to  the  first  question  and  consider  answers  to  the  other 
questions.  Thus,  the  objective  was  to  review  the  DISTANT  RUNNER  and 
Norweglan/US  shelter  designs  noting  structural  similarities  and 
differences  of  Importance  which  would  affect  shelter  break-up  under 
Internal  blast  loads.  In  addition,  SwRI  was  tasked  to  recommend  whether 
the  differences  preclude  utilization  of  current  Q-D  criteria. 

2.0  SHELTER  BESISH  REVIEW  Aid)  COMPARISON 

SwRI  reviewed  as-built  drawings  of  the  DISTANT  RUNNER  shelters 
along  with  drawings  of  the  combined  Norweglan/US  design  In  order  to 
identify  Important  structural  differences  which  could  affect,  debris 
formation  and  distribution  due  to  an  Internal  explosion.  The  buildings 
were  evaluated  oy  comparing  three  structural  elements:  the  arch,  the 
front  door,  and  the  rear  wall.  Of  these  three,  the  most  dramatic 
difference  Is  In  the  front  door  design.  The  Norweglan/US  door  is  a 
hollow  steel  door  which  opens  to  the  Inside,  and  is  supported  by  special 
thresholds  at  the  top  and  bottom  when  closed.  The  door  will  be  seated 
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a)  DISTANT  RUNNER 


in  the  thresholds  when  deflecting  due  to  either  external  or  Internal 
loading.  The  DISTANT  RUNNER  door  utilized  a  concrete/steel  composite 
section  with  a  large  exterior  support  frame  work.  The  door  is  designed 
to  separate  In  the  middle,  and  each  piece  moves  sideways  along  a  track 
when  opening  or  closing.  The  door  Is  supported  by  the  arch  structure 
when  responding  to  external  leads.  The  door  Is  unsupported  when 
responding  to  Internal  loads. 

Other  dramatic  differences  between  the  two  structures  Include: 

•  The  Norweglan/l'S  shelter  concept  is  earth  covered  (about  25 
cn  (10  in)  soil  cover  at  the  top,  with  the  arch  base  and 
rear  wall  supporting  about  a  5  a  (IS  ft)  berm  which  contains 
rock  rubble  as  well  as  soil  in  many  cases),  while  the 
DISTANT  RUNNER  structures  had  no  earth  cover. 

•  The  DISTANT  RUNNER  structures  have  a  s  ida  entry  door  midway 
along  the  arch  on  one  side.  The  Norwegian/US  shelter  has  a 
personnel  entry  door  by  the  front  door. 

•  The  exhaust  chimney  structure  is  different  for  the  two 
buildings. 

These  are  the  acre  obvious  differences  In  the  two  designs.  A  review  of 
the  plans  identified  a  number  of  other  variations  which  may  affect 
shelter  breakup.  These  are  summarized  In  Table  1. 

Although  differences  in  the  building  dimensions  and  the  size 
and  weight/area  of  venting  surfaces  (doors),  the  predicted  blast  loads 
for  the  two  structures  are  essentially  the  same.  The  quasi -static  loads 
were  predicted  utilizing  a  method  in  the  revised  tri-service  document, 
AFM  88-22,  (NAVFAC  P-397,  TM5-1300),  which  accounts  for  the  weight/area 
of  vent  covers.  The  explosive  charge  used  In  the  calculations  was  4158 
kg  (9158  lb)  of  Trltonal  (same  as  In  Event  5  of  DISTANT  RUHNER).  7he 


TABLE  1.  STRiXTUtUU.  CW5PfRIS5H 


Combined 

ttecwsatan/US 


Inside  plan  width 
Inside  plan  length 
inside  height  at  crown 
vol uma 


0.5  ■  (77  ft) 

v.t  ■  da  ft) 

7.0  a  (23.1  ft) 
5070  i3  (179,490  ftJ) 
[third  generation 
toowglan  we* 

3990  a*  (137,747  ft3)] 


firth 


corrugation  depth 
arch  thickness  at  base 
(Including  corrugation) 
arch  thickness  at  crown 
(Including  corrugation) 
total  circumferential  reinforcement 
(area/unit  spacing) 


360  an  (14  In) 
1360  m  (53  in) 

•10  aa  (32  In) 

3.B  mZ/m 
(0.15  ln3/1n) 


total  horizontal  reinforcement  t.swf/m 

(area/unit  spacing)  (o.io  tn3/tn 


typical  circumferential 
reinforcement  spacing 
typical  horizontal 
reinforcement  spacing 
corrugation  material 
(connections  detailing  the 
same  for  both) 

arch  base  connection  to  footing 


100  m  (3.1  In)  o.e. 

ICO  an  (3.9  In)  o.c. 

3  m  (0.1  In)  aln. 
thleknas* 


double  !•}:<  kt  ICO  mt 
(3.K  In)  o.c..  2  a  long 


floor  slab  connection  at 
arch  base 

personnel  door 


•lob  ovnrltps 
footing 

war  front  Aw 


earth  cover 


prrjcnt 


DISTANT 

EWE 


21.3  a  (73.8  ft) 
36.6  a  (120  ft) 
8.43  a  (27.67  ft) 
5221  s? 
(184,400  ft3) 


350  m  (14  In) 
810  aa  (32  In) 

810  on  (32  In) 

1.31  wa'im 
(0.0517  In3/ In) 

1.31  tt?/m 
0.0517  In3/ In) 

150  na  (S  in)  o.c. 

150  w  (6  In)  o.c 

3  m  (0.1  In)  aln. 
thickness 

■Irglt  #4  leg 
«t  150  an  (5  In) 
o.c.,  1.2  a  long 
no  slab  cvor- 
lap 

«t  cm  sirfa 
with  protection 
*-*11 

not  present 
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£rontJ)oor 

panels 


support  against 
Internal  load 

weight/area 

itearJfoll 

thickness 


TABLE  1.  STRUCTURAL  CC§S?ARI$€U 

Combined  DISTANT 

8g£ffoi9ian/V$  BSKB 


hollow-cere  steel 
piste*  with 
Internet  stiffeners: 
interior  piste-29  mb  (0.8  in) 
exterior  piste-10  ere  (0.4  in) 
stifferart'lO  ta  (0.4  in) 
thfcfcnass-25Q  «*  (9.8  in) 

staple  support 
tap  and  botton 

280  kfi/n*  (58  lb/ft2) 


compos ite 
stssl/eoncrete 
supported  by 
exterior 
trusses: 

stsel  plate-3.2  cm  (1/8  in) 
eoncrste-300  m  (12  in) 

track  Meehan la* 
only 

770  kg/m2  (157  lb/ft2) 


1200  im  (47  in) 
no  rtlafornttmt 
details  given 


600  mm  (24  in) 

3.2  m  (1/8  in)  plate 
on  inside  face, 

#8  hare  9  180  mb  (7  In) 
o.e.,e.f.,  e.w. 


earth  berm 


present 


not  present 


quasi -static  Impulse  and  duration  predictions  were  based  on  the  vent 
area  of  the  front  door  only  for  both  shelters. 

The  shock  loading  can  be  affected  by  the  position  of  the  munitions 
within  the  shelter.  To  make  a  comparison  between  the  response  of  the 
two  shelters,  the  same  charge  configuration  should  be  used  for  each. 
However,  the  location  of  the  bomb  stacks  near  the  front  door  for  the 
DISTANT  RUNNER  layout  (Figure  2)  had  to  be  altered  when  examining  the 
load  Inside  the  combined  shelter  to  allow  space  for  the  recessed  area 
Into  which  the  front  door  opens.  We  evaluated  the  two  munition 
distributions  at  various  locations  In  the  shelter  and  found  relatively 
no  difference  In  overall  shock  loading. 

Based  upon  the  predicted  loads  and  the  known  structural  details  of 
the  two  buildings,  some  simple  dynamic  response  oxaparlsons  were  made. 
Arch  response  In  extension  was  examined  along  with  door  debris  throw. 

We  approximated  the  arch  structures  as  slngle-degree-of-freedom 
systems  to  predict  time  response  assuming  restraint  at  the  footing.  (We 
realize  that  restraint  Is  not  provided;  however,  we  want  to  compare  the 
extenslonal  behavior  of  the  two  arches  to  the  predicted  loads).  As 
shown  In  Figure  3,  the  deflection  histories  of  each  are  very  similar  out 
to  very  large  predicted  deflections,  well  beyond  the  point  at  which 
either  structure  will  fall  and  begin  to  break  apart.  We  expect  that 
despite  the  differences  In  arch  reinforcement,  If  the  two  were  to  break 
at  the  same  point  In  time,  the  debris  Initial  velocities  should  be 
similar.  After  failure,  additional  velocity  will  be  Imparted  to  the 
arch  pieces  as  the  Internal  pressure  tries  to  "push*  its  way  around  and 
out  past  the  pieces.  This  process  will  occur  for  both  structures. 
However,  the  Norwegian/US  arch  is  either  bermed  with  rock  rubble  and 
soil  which  extend  approximately  2.5  m  (8  ft)  up  the  side  of  the  arch,  or 
Its  foundation  rests  on  solid  rock  and  the  arch  is  bermed  with  soil 
alone.  The  lower  portions  of  the  arch  may  be  restrained  enough  to  cause 
hinge  formation  and  resultant  hlgner  velocities  for  debris  from  the 
upper  arch  of  this  shelter  compared  to  the  debris  velocities  for  the 
DISTANT  RUNNER  arch. 
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TIME  (SEC) 


Figurs  3 


Oi  $pl  accent  History  for  Both  Shelters 


The  comparisons  cade  In  this  report  mist  be  qualified  by  noting 
how  differences  such  as  those  listed  In  Table  1  may  affect  shelter 
breakup  frosa  Internal  loads. 

•  Existing  Q-D  criteria  were  established  based  upon  data 
collected  In  Events  4  and  5  of  the  DISTANT  RUNNER  program. 
Both  shelters  used  In  these  tests  had  been  exposed  to 
substantial  dynamic  loads  (external  and  internal)  prior  to 
the  final  events  In  the  test  series.  This  type  of  "pre¬ 
conditioning*  of  structures  will  not  be  present  at  potential 
accident  sites  In  Norway  except  after  action  of  war  or 
nearby  accidental  explosions.  It  is  not  clear  whether  this 
pre-conditioning  affected  the  breakup  of  either  shelter  and, 
hence,  Influenced  the  establishment  of  Q-D  criteria. 

•  There  are  substantial  differences  in  the  arch  connection  at 
the  foundation  of  the  two  buildings.  The  DISTANT  RUNNER 
arch  Is  attached  to  the  footing  by  a  single  1.2  m  (4  ft)  leg 
at  150  mm  (6  In)  o.c.  The  floor  slab  of  the  building  does 
not  overlap  the  footing,  and  the  arch  is  the  same  dimension 
at  its  base  as  at  Its  crown.  The  Norweglan/US  design 
specifies  that  circumferential  rebar  legs  continue  through 
the  construction  joint  t„  the  bottom  of  the  footing.  The 
arch  Is  thicker  at  the  base  than  at  the  top.  The  floor  slab 
overlaps  the  footing,  and  there  Is  an  earth  berm  at  the  side 
of  the  arch.  In  some  geographical  locations,  there  Is  rock 
ruhble  as  well  as  soil  In  the  berm.  These  factors  result  in 
the  Norwegian/  US  arch  responding  less  in  rigid  body 
translation  and  more  in  e.xtenslonal  stretching  than  that 
expected  In  the  DISTANT  RUNNER  shelters.  We  expect  the 
DISTANT  RUNNER  arch  to  pull  free  from  the  footing  earlier  In 
Its  response  than  the  Norweglan/US  shelter.  Note  that  in 
the  DISTANT  RUNNER  tests,  separation  of  the  arch  from  the 
footing  was  observed  early  In  the  dy'amic  response  after 
time  of  detonation.  Also,  the  restraint  caused  by  the  rock 
rubble  berm  of  the  Norwegian/US  shelter  may  prevent 


horizontal  movement  and  cause  higher  Initial  debris 
velocities  for  the  arch  above  the  rock  rubble.  The  debris 
trajectory  angles  may  depend  on  the  hinge  foraation  In  tha 
arch  Insteaa  of  being  normal  to  the  original  arch  shape. 

•  The  Horwogian/US  shelter  utilizes  a  100  mra  (3.9  In) 
reinforcement  spacing  In  the  arch  whereas  the  DISTANT  RUNNER 
plans  Indicate  a  spacing  of  150  cm  (5  in)  o.c.  Debris 
foraation  can  be  related  to  rebar  spacing  when  the  structure 
Is  overwhelmed  by  an  Intense  blast  load,  e.g.  large 
quantities  of  explosives.  This  Is  evident  In  the  DISTANT 
RUNNER  test  results  (Reference  2). 

•  The  DISTANT  RUNNER  shelters  utilized  10  vent  openings  spaced 
evenly  along  the  peak  of  the  arch.  Though  a  small 
percentage  of  the  total  length,  the  diameter  of  each  (150  nsn 
(10  in)]  Is  large  enough  to  interrupt  circumferential 
reinforcement  and  possibly  establish  a  preferred  breakup 
location  in  the  arch.  This  is  not  present  in  the  Norwegian 
design.  Note  that  In  the  DISTANT  RUNNER  tests,  separation 
of  the  arch  at  the  crown  occurred  early  in  the  dynamic 
response  after  time  of  detonation. 

•  In  Reference  4,  tha  authors  noted  that  DISTANT  RUNNER 
shelter  breakup  was  definitely  influenced  by  the  location  of 
reinforcement  splices  and  the  amount  of  overlap.  This  Is 
particularly  true  for  lower  charge  amounts.  The  location 
and  overlap  of  splices  In  the  Norweglan/US  design  should 
have  a  similar  Influence  in  the  breakup  of  this  shelter. 
This  Is  not  to  say  that,  for  low  change  amounts,  the  breakup 
will  be  the  same  as  for  DISTANT  RUNNER,  but  that  splice 
locations  should  have  similar  importance. 
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3.0  CONCLUSIONS 


It  should  be  obvious  froa  the  discussions  In  the  previous  sections 
that  one  definite  conclusion  can  be  Bade  about  the  Norweglan/US  and 
DISTANT  RUNNER  shelters;  they  are  alike  and  they  are  different!  There 
are  many  technical  reasons  we  can  cite  that,  can  be  the  basis  of 
predicting  differences  In  the  breakup  pattern  and  debris  throw  of  the 
two  shelters;  however,  It  Is  our  opinion  that  enough  similarities  are 
present  between  the  rear  walls  to  predict  that  the  currently  established 
Q-D  criteria  for  the  rear  direction  can  be  used  for  the  Norweglan/US 
shelter  for  charge  amounts  equal  to  or  greater  than  that  used  in  Event  5 
of  the  DISTANT  RUNNER  tests.  This  Is  not  the  case  for  the  front 
direction,  however,  where  enough  differences  exist  between  the  front 
door  systems  of  the  two  shelters  to  preclude  drawing  any  conclusions  on 
using  existing  Q-D  criteria.  There  also  Is  Insufficient  confidence  In 
using  current  criteria  for  siting  structures  to  the  side  of  the  new 
shelter  due  to  substantial  variations  In  the  arch  design.  These 
comments  apply  to  cr4'eria  established  froa  the  DISTANT  RUNNER  results, 
whether  for  protection  of  occupied  areas,  protection  of  assets,  or 
prevention  of  explosion  propagation.  Again,  this  Is  an  opinion,  and  not 
a  statement  of  engineering  fact.  The  comparisons  made  In  this  paper  do 
not  form  an  adequate  basis  of  Inforsatlon  to  establish  Q-D  criteria. 
The  level  of  confidence  traditionally  expected  in  making  these  decisions 
has  not  been  reached  through  this  comparison,  as  the  two  structures  are 
not  enough  alike  to  make  conclusive  statements  about  the  debris  and 
blast  hazards  near  the  combined  Norwsgl an/US  shelterr.. 

4.0  RECCNNENDATICN3 

To  develop  a  level  of  confidence  necessary  to  establish  Q-D 
criteria  for  the  combined  Norwegian/US  shelter,  a  testing  and  analysis 
plan  of  action  was  recommended.  The  test  program  would  utilize  very 
small  scale  and  small  scale  tests  to  develop  important  data.  These  data 
would  be  utilized  to  "fine-tune*  analysis  prediction  methods  which,  once 
developed,  could  be  applied  to  establish  Q-D  criteria  for  a  general 


group  of  structures  which  resemble  the  Norweqian/U$  shelter  In  size  and 
construction  and  could  be  applied  to  a  range  of  charge  amounts. 

A  series  of  tests  Is  recommended  to  provide  an  adequate  data  base 
to  predict  the  hazards  near  aircraft  shelters.  Of  most  Interest  are 
hazards  due  to  debris,  since  the  greatest  uncertainty  exists  here; 
however,  data  on  exterior  blast  will  also  be  collected.  The  recommended 
approach  Is  to  utilize  very  small  scale  (around  1/30  scale)  and  small 
scale  (around  1/4  scale)  models  of  the  shelter  in  the  test  program.  It 
Is  felt  that  the  following  steps  are  necessary: 

1.  Determine  Internal  load  history  on  the  shelter  utilizing 
very  small  scale  structures. 

2.  Understand  the  arch  response  to  dynamic  loads.  We  wish  to 

learn  more  of  arch  extenslonal,  bending,  and  translational 

(uplift)  behavior  under  internal  loads.  Debris  formation 
and  size  ar.  not  of  Interest  at  this  time,  as  we  want  to 
study  the  events  leading  up  to  failure  utilizing  very  small 
scale  models. 

3.  The  formation  of  debris  (size  and  shape)  from  the  arch 

structure  must  be  understood  If  hazards  are  to  be  defined. 
In  addition,  the  door  breakup  must  be  studied.  We  suggest 
no  less  than  small  scale  (around  1/4  scale)  tests  be 
performed  tc  provide  this  Information. 

4.  The  test  data  collected  In  Items  1-3  above  can  be  utilized 

to  establish  analysis  predictions  of  shell  response, 

breakup,  and  debris  throw.  From  this,  quantity-distance  (Q- 
D)  criteria  can  be  established.  If  deemed  necessary,  full 
scale  tests  can  be  performed  under  the  desired  conditions. 
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HIGH  EXPLOSIVE  HOB  AIR  BLAST  INTERACTION 
WITH  A  SIMULATED  HEATED  LAYER 


12 


INTRODUCTION 

Research  studies  of  the  interaction  of  reflected  air  blast  with  a  non- 
ideal  surface  wore  carried  out  with  a  series  of  1000-lb  height -of -burst 
(HOB)  experiments .  Development  of  a  technique  to  generate  a  heated  layer  as 
a  non- ideal  surface  condition  began  in  1982  with  the  investigation  and 
testing  of  pyro-chemlcals  as  the  source.  Although  work  with  those  materials 
continued  on  a  limited  scale  for  several  years,  totally  satisfactory  results 
were  not  achieved  and  the  emphasis  shifted  toward  the  use  of  helium  gas  as  a 
simulator  of  a  heated  layer.  A  successful  HOB  test  of  a  helium  layer  was 
conducted  in  1934  while  the  authors  were  in  the  employ  of.  tha  Ballistic 
Research  Laboratory  (BRL) ,  and  became  the  fore-runner  of  tha  experiments 
discussed  in  this  paper. 


The  Interaction  of  HOB  blast  with  a  helium  layer  along  the  surface 
generates  a  precursor  wave  as  dapictad  in  the  schematic  of  tha  development 
of  blast  waves  from  a  HOB  explosion  in  Figure  1.  A  "snowplow”  modification 
to  regular  Hach  reflection  is  shown.  A  similar  modification  will  be 
observed  with  irregular  Mach  reflection  (IMR)  whan  HOB  conditions  ere  such 
that  IMR  will  occur. 

Precursor  waveforms  from  nuclear  explosions  have  been  evaluated  in  the 
past  and  grouped  according  to  their  shape  as  shown  in  Figure  2. 
Reproduction  of  these  five  types  of  waveforms  was  desired  from  the  blast 
interaction  with  the  heliua  layer. 

Four  HOB  experiments  were  conducted  in  1936  using  a  1000- lb  TPH  3342 
(85%  HMX)  spherical  charge  detonated  at  19.8  feet  with  a  2-inch  layer  of 
heliua  over  a  rigid  surface.  Two  HOB  experiments  were  added  in  1987  using 
the  same  type  of  charge  but  detonated  at  36  feet,  again  wi*-h  a  2- inch  layer 
of  helium  over  a  rigid  surface.  The  tests  were  conducted  over  a  specially 
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Figure  1.  Schematic  of  the  development  of  the  blast  waves  from  an 

airburst  explosion  for  precursor  and  non-precursor  conditions 


Eight,  classifications  of  vavaforas. 


constructed  concrete  test  pad  at  the  Defence  Research  Establishment, 
Suffield,  Alberta,  Canada, 

Table  1  presents  a  summary  of  the  shots  with  the  size  of  the  layer  and 
the  concentration  of  the  helluza  achieved.  Of  the  experiments  conducted  in 
1986,  two  had  a  single  constant  concentration  and  two  had  a  decreasing 
concentration  created  by  five  segments  in  the  containment  system.  Of  the 
two  experiments  conducted  in  1987,  one  had  five  segments  for  a  decreasing 
concentration  and  one  had  four  segments  for  a  decreasing  concentration. 

A  Mylar  membrane,  1/2 -mil  thick  and  having  a  cord  grid  on  one  side,  was 
used  to  contain  the  helium.  Deployment  of  the  membrane,  as  shown  in  Figure 
3,  was  achieved  by  unrolling  the  pre-rolled  membrane  frcm  an  aluminum  pipe 
supported  on  the  ends  by  modified  golf  carts.  The  edges  of  the  membrane 
were  sealed  to  the  concrete  pad  by  the  use  of  double- sided  sticky  tape  and 
polyethylene  tubing.  Tension  across  the  membrane  was  produced  by  attaching 
pre- anchored  bungee  cords  to  patches  incorporated  on  the  edges  of  the 
membrane  at  2 -foot  intervals.  Two- inch  cord  tie  downs  from  patches  on  the 
membrane  at  2-foot  square  intervals  were  hooked  on  to  pre-installed  anchors 
in  the  test  pad  to  maintain  a  uniform  2-inch  layer.  Poly-tubing  was  used 
along  several  arcs  in  1986  in  order  to  segment  the  membrane  fcr  decreasing 
helium  concentrations;  in  1987  the  poly- tubing  was  replaced  by  a  skirt  of 
the  membrane  material.  Helium  was  released  to  fill  the  volume  created  by 
the  membrane  through  a  pipe  network  under  the  pad  coupled  to  a  reservoir  of 
tanks  near  the  facility.  Helium  concentration  measurements  in  the  form  of 
the  ratio  of  helium  to  air  were  obtained  using  sound  probes.  Filling 
operations  took  approximately  40-6C  minutes.  Shown  in  Figure  4  is  a 
photograph  of  Shot  86-2  readied  for  cl  arge  arming  and  the  final  helium  fill 
from  the  remote-control  position.  Figure  5  shows  a  photograph  of  the  test 
pad  with  the  membrane  in  place  for  Shot  87-1. 

INSTRUMENTATION 

The  instrumentation  for  the  tests  was  the  analog  FM  data  acquisition 
system  as  deployed  on  past  experiments  of  this  size.  PCB  piezoelectric 
quartz  pressure  transducers  were  connected  with  line  drivers  and  coupled  by 


Table  1.  Helium  Layer  Test  Seriea 


85%  HKX  Charge  at  19.8  ft  HOB 


e 

Shot  1 

15  July  86 

20  ft  vide, 

single  concentration  (93%) 

e 

Shot  2 

25  July  86 

36  ft  vide. 

single  concentration  (89.4%) 

e 

Shot  3 

31  July  86 

36  ft  vide, 

segmented,  decreasing 

concentration  (93-33%) 

e 

Shot  6 

26  Aug  86 

36  ft  vide, 

segmented,  decreasing 

concentration  (93%  to  less  than  43%) 

85%  HKX  Charge  at  36.0  ft  H03 

•  Shot  1  14  Oct  87  50  ft  vide,  segmented,  decreasing 

concentration  (84-27%) 

•  Shot  2  28  Oct  87  50  ft  vide,  segmented,  decreasing 

concentration  (93-21%) 


§#!«§? 


Figure  5.  Overhead  photograph  of  teat  pad  vlth  ceabrane  In  place,  87-1. 
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coax  cabling  Co  500  kHz  vide  band  II  MgneCic  Cape  recorders  Co  achieve 
response  times  of  one  Co  two  microseconds.  High-speed  cameras  were  used  aC 
various  lccaCions  on  Che  layout  Co  observe  the  detonation  and  shock 
development.  The  early  time  shock  structure  was  observed  by  the  laser 
photogr acme try  technique  deployed  by  Che  Denver  Research  Institute.^- 

RESULTS 

Photographs  of  Che  shock  structure  obtained  from  laser  photograneatry 
in  the  region  of  highest  helium  concentration  (93%)  for  Shot  86-6  arc  shown 
in  Figure  6  together  with  a  numerical  simulation. 2  Correlation  of  the 
numerical  simulation  with  the  observed  structure  shows  the  laser 
photograametry  recording  the  precursor  front,  the  precursor  triple  point, 
Che  Mach  stem,  the  triple  point  of  the  Mach  stem,  and  the  incident  and 
reflected  waves  as  labeled  by  the  numerics.  At  the  19.8-foot  HOB  it  is  to 
be  observed  that  irregular  Mach  reflection  occurs.  This  is  evident  in  the 
laser  photographs.  A  hot  thermal  layer  is  indicated  by  the  very  short  mach 
stem. 

Photographs  of  the  shock  structure  for  Shot  87-1  are  shown  in  Figure  7. 
This  was  a  36-foot  height-of -burst  where  a  regular  Mach  reflection  occurs. 
Correlation  of  the  numerical  simulation  with  the  observed  structure  is  very 
similar  to  the  86-6  shot  discussed  above,  however,  a  "cold”  thermal  layer  is 
indicated  by  the  lengthy  Mach  stem. 

Pseudo  comparisons  were  made  between  pressure-time  signals  generated  at 
selected  gage  positions  and  lassr-light  images  that  were  photographed  over 


Visotski,  John,  "Ultra  High-Speed  Ruby  Laser  Photographic  Light 
System,"  Proceedings  of  the  Sixth  International  Symposium  on  Military 
Applications  of  Blast  simulation,  Vol.  I,  Cahors,  France,  25-25  June  1979. 

Kuhl,  A.L. ,  Glowacki,  W.J.,  Glaz,  H.M. ,  and  Colella,  P. ,  "Simulation 
of  Air  Blast  Precursors  in  Large  Shock  Tubes,"  Proceedings  of  the  Ninth 
International  Symposium  on  Military  Applications  of  Blast  Simulation,  Vol. 
II,  Oxford,  England,  September  1985. 
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Figure  6.  Top,  inviscid  numerical  simulation  of  an  airblast  precursor 
for  a  "hot"  thermal  layer. 

Bottom,  laser  lighted  photograph  of  shock  structure.  Shot  6 
time  6.006  msec. 
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the  a«ae  tloe  periods  In  which  the  gage  signatures  were  being  recorded.  3 
These  are  shown  fo*'  the  gage  record  at  33  feet  on  Shot  83 -3  In  Figures  8.1 
through  8.3.  Comparisons  were  p.ade  at  the  start  of  the  outrunning  precursor 
peak  (To),  at  the  minimum  prior  to  tho  maximum  peak  (Ta)  and  at  the  maximum 
peak  (Tp)  of  the  pressure  record  as  obtained  from  the  beginning  of  the 
record.  Times  were  based  on  gaga  time-of -arrival  me  inurements  (To)  and 
calculated  differentials  from  Tm  and  Tp.  Note  that  ^ie  minimum  of  the 
pressure  record  appears  to  occur  slightly  behind  the  triple  point  but 
probably  ahead  of  the  main  vortex  flow  if  one  were  to  project  and  draw  the 
vortex  flov  from  the  triple  point  down  to  the  surface.  The  maximum  at  Tp 
appears  to  occur  decidedly  back  within  the  main  vortex  flow  if  che  same 
projection  scheme  were  again  used  by  the  observer.  These  relative  positions 
of  Tta  and  Tp,  with  respect  to  Che  triple  point,  seem  to  be  common  to  all 
gaga  positions. 

Pressure  waveforms  from  the  surface  gages  were  enalyzed  and  where 
Dosslble  compared  with  available  .--cords  from  large-scale  experiments. 
Pressure  records  from  the  experiments  were  analyzed  following  these 
procedures  and  where  possible  comparisons  were  made  with  records  from  large- 
scale  experiments.  In  Figure  9.1  tho  waveforms  from  Shot  86-2,  a  constant 
helium  concentration  event,  have  been  categorized  by  type  and  scaled  to  and 
compared  with  results  from  a  large  scale  experiment  at  a  comparable  height 
of  burst.  Record  types  of  II,  III,  and  IV  were  recorded.  Shot  86-2  may  be 
classified  as  a  "hot"  layer,  especially  in  the  cleanup  region  where  the  last 
station  Is  a  Type  IV  record  Instead  of  the  Type  V  recorded  on  the  large 
scale  event. 

Figures  9.2  and  9.3  present  records  from  the  decreasing  helium 
concentration  event,  Shot  86-6,  which  have  been  scaled  to  and  compared  with 
the  same  large  scale  event.  Waveforms  of  Type  II,  III,  IV,  and  V  are 
evident.  Some  of  the  wave  structure  on  the  Type  II  and  III  records  between 
the  time  of  arrival  and  the  time  of  minimum  pressure,  T3,  Figure  2,  was 
caused  by  the  wall  which  separated  the  iae-brane  into  segments.  Tho 

^  Viaotski,  John  and  Plooster,  Myron,  'Photographic  Analyses  of  HOB 
Shockwaves  Generated  With  or  Without  Thermal  Precursor  Layers,"  Report  No. 
5-32916,  Denver  Research  Institute,  Denver,  CO,  December  1986. 
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Figure  8.2.  Pseudo  comparison  of  Shot  86-3  pressure-time  signature  from  the  35  ft 
gage  sad  photographic  Image  at  insitautaaaoua  time,  Tm. 


Figure  9.2.  Static  pressure  time  records  on  the  surface  from  Shot  6,  Stations  22.0,  35.0 
45.0,  and  50.0,  scaled  to  and  compared  with  large  scale  experiment.  . 
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precursor  cleanup  observed  in  Che  record  at  2774  scaled  £eet  occurred 
earlier  in  time  chan  Chat  of  Che  large  scale  record.  This  would  indicate  a 
•cool"  layer  at  this  point,  although  the  last  comparable  station  shows  a 
complete  cleanup  and  excellent  correlation  with  the  large  scale  record. 

Shot  2  of  the  two  1987  shots  provided  the  best  correlation  with  the 
large  scale  nuclear  event  of  comparable  scaled  height  of  burst.  The 
waveforms  presented  in  Figure  10.1  show  an  excellent  correlation  with  the 
large  scale  at  the  two  60 -foot  stations;  the  B  station  is  8  feet  on  the  arc 
from  the  main  station.  A  Type  III  wave  form  is  observed.  At  the  closer 
stations  the  record  comparison  shows  the  87*2  layer  to  be  "colder"  than  the 
large  scale.  This  is  seen  by  the  higher  initial  pressure,  P^,  and  the 
shorter  T3  time  of  the  precursor  front.  In  Figure  10.2  the  waveforms  of  the 
precursor  cleanup  are  given.  A  slow  rise  and  rounded  peaks  are 
characteristic  of  these  records.  At  the  200-foot  position  of  the  87*2  shot, 
the  cleanup  is  complete  -  a  sharp  shock  of  the  Type  V  record  is  evident. 
Vaveforms,  Types  III  -  IV,  have  been  presented  although  all  types  were 
recorded. 

Overpressure  versus  ground  range  for  Shot  86*2  and  Shots  86-3  and  6  are 
scaled  to  and  compared  with  the  measured  values  of  the  same  large  scale  test 
in  Figure  11.  Overpressures  of  Shots  86-3  and  6  correlate  better  than  the 
data  of  86-2;  the  helium  layer  of  86-2  was  a  single,  constant  concentration 
while  those  of  86-3  and  6  were  of  decreasing  concentrations.  The  single 
concentration  of  89.4%  simulated  a  "hotter"  layer  than  the  large  scale  test 
while  the  decreasing  concentrations  indicate  a  cooler  layer  in  the  precursor 
cleanup  region.  Figure  12  presents  the  dynamic  pressure  versus  ground  range 
for  86-2  and  6  scaled  to  and  compared  with  the  same  large  scale  experiment. 
Good  agreement  is  observed. 

Overpressure  distance  data  from  Shot  87-2  is  given  in  Figure  13 
compared  with  a  large  scale  event.  The  1987  shot  replicates  well  in  the 
mid-  to  far  range  especially  in  the  cleanup  region.  In  the  close-in  range 
the  experiment  generated  a  cooler  precursor  than  was  experienced  on  the 
large  scale  test. 
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87-2  S  Large  Scale  Comparison  ^  87-2  S  Large  Scale  Comparison 
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Figure  10.2.  Shot  87-2  end  large  scale  record  comparisons 
87-2  stations  120.0,  150.0,  and  200.0. 


Figure  11.  Overpressure'  versus  ground  range.  Shot  2,  and  Shots  3  and  6,  scaled  to  and  compared  with  large 
scale  test. 
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Figure  13.  Shot  87-2  overpressure  data  compared  with  large 


The  significance  of  surface  temperature  effects  simulated  by  the 
percentage  of  helium  is  observed  in  Figure  14.  The  duration  of  the  nuclear 
precursor  for  the  hot  layer  is  always  longer  and  starts  in  the  regular 
reflection  region.  Precursor  development  modifies  the  irregular  or  regular 
Mach  region  as  the  case  may  be.  Past  large  scale  data  were  used  to  predict 
the  hot,  warm,  and  cool  precursor  durations .  Surface  variations  cause 
larger  differences  with  increasing  ground  range  as  observed  by  the  cool  data 
of  the  1986  experiments  beyond  700  scaled  feet.  Shot  86*2,  with  a  constant, 
uniform  sound  speed,  resembles  a  very  hot  surface  in  the  precursor  cleanup 
phase. 


A  simulated  heated  layer  was  demonstrated  in  HOB  experiments  using  * 
thin  layer  of  helium.  A  high-fidelity  simulation  which  generated  the  five 
types  of  waveforms  of  precursed  blast  was  achieved.  The  2-inch  thick,  30- 
foot  wide  helium  layer  was  found  to  be  satisfactory  for  the  production  of 
precursed  waves  at  this  scale.  A  continuously  hot  precursor  layer  was 
observed  on  the  single,  constant  concentration  shots,  whereas  a  hot  layer 
was  evident  at  the  beginning  of  the  decreasing  helium  concentration  shot*  at 
the  same  HOB,  but  soon  developed  into  a  cool  layer  with  increasing  distance. 
This  condition  was  very  evident  in  the  cleanup  region  for  the  19.8-foot  HOB. 

The  2- inch  thick,  50- foot  wide  helium  layer  wa3  found  to  fee 
satisfactory  for  the  production  of  precursed  wavea  in  the  cleanup  region. 
The  decreasing  helium  concentration  produced  a  good  precursor  in  the  wid- 
range  through  the  cleanup;  the  layer  was  "cold"  in  close  and  thus  produced  a 
weak  precursor. 

Tailoring  of  the  experimental  technique  can  provide  for  the  study  of 
precursors  for  specific  requirements. 
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Mitigation  of  Far- field  Airblast  Associated  with 
Explosive  Detonations  Rear  Populated  Areas 


Joses  B.  Cheek 
Janes  S.  Shore 
Frances  ML  Varren 


ABSTRACT 

The  Structural  Mechanics  Division  of  the  Structures  laboratory  at  the 
Waterways  Experiment  Station  frequently  subjects  test  structures  to  dynamic 
loads  generated  by  explosive  charges.  Usually,  the  large  shots  are 
conducted  in  remote  test  ranges  in  the  desert  southwest.  In  the  case  of 
two  recent  tests,  hovever,  unique  geologic  requirements  forced  a  test  in  an 
area  that  was  close  to  large  population  centers  in  and  around  Ft. Knox,  KY. 
Efforts  were  made  to  mitigate  the  effects  of  the  airblast  by  monitoring 
weather  conditions  end  predicting  window  damage  probabilities  right  up  to 
shot  time.  The  two  shots  contained  25.5  tons  and  42.9  tons  of  explosives, 
and  were  detonated  on  5  December  1986  and  4  June  1987.  The  2S.5  ton  shot 
resulted  in  two  damage  claims  and  the  42.9  ton  shot  had  no  claims. 

This  paper  outlines  the  calculational  and  operational  procedural  used  for 
these  tests.  Included  ere  the  weather  watch,  the  ground  shock  and 
airblast/windov  damage  calculations,  the  fsr-field  airblast  measurements , 
and  the  interaction  with  Ft.  Knox  officials  to  ensure  no  adverse  public 
reaction  would  result. 


MITIGATION  OF  FA?. -FI ELD  AIRBLAST 
ASSOCIATED  WITH  EXPLOSIVE  DETONATIONS 
NEAR  POPULATED  AREAS 

Jimi  B.  Cheek,  James  S.  Shore,  and  Frances  H.  Warren 
U.S.  Army  Engineer  Waterways  Experiment  Station,  Vicksburg,  MS 


INTRODUCTION 

The  Waterways  Experiment  Station  (WES)  conducted  two  large  explosive  tests 
at  Fort  Knox,  Kentucky  that  required  careful  consideration  of  the  effects 
of  far* field  airblast  on  surrounding  populated  areas.  Since  these  test3 
could  not  be  allowed  to  damage  private  property,  a  plan  was  outlined  and 
executed  to  minimize  the  effects  of  far-field  airblast  on  the  surrounding 
areas.  Thi3  paper  presents  the  airblast  mitigation  procedures  used  for 
these  tests. 


BACKGROUND 

The  1963  Limited  Nuclear  Test  Ban  Treaty  ended  above  ground  nuclear 
detonations  and  precipitated  the  development  of  high  explosive  simulators 
to  generate  nuclear-like  airblast  and  groundshock  loadings.  These 
simulators  have  evolved  to  the  point  that  virtually  a  complete  time  history 
of  all  blast  effects  can  be  generated.  However,  this  requires  large 
amounts  of  conventional  explosives  even  when  the  articles  being  tested  are 
snail  scale  models.  The  two  tests  conducted  at  Ft.  Knox  contained  total 
explosive  weights  of  25.5  and  42.9  tons. 

Such  large  tests  are  generally  conducted  in  sparsely  populated  areas. 
However,  In  this  case  the  tests  were  conducted  at  Ft.  Knox  because  no 
alternate  site  was  found  in  the  U.S.  that  met  the  special  geological 
requirements.  The  tests  were  conducted  to  provide  experimental  validation 
of  structural  response  calculations.  One-eighth  scale  structures  were 
instrumented  and  placed  in  an  instrumented  testbed.  An  explosive  simulator 
was  placed  over  each  testbed  and  detonated.  The  structure  and  testbed 
responses  were  measured,  recorded,  and  compared  with  the  responses 
predicted  by  the  calculations. 


OBJECTIVE 

The  objective  of  tha  far-field  airblast  mitigation  program  was  to  prevent 
any  damage  to  the  populated  areas  arour.d  Ft.  Knox. 


SCOPE 

The  scope  of  the  far-field  airblast  mitigation  program  incorporated  the 
elements  of  collection,  prediction,  and  documentation.  The  necessary 
demographic  and  atmospheric  data  was  collected  along  with  the  proper 
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analytic  tools.  These  were  used  to  make  predictions  so  that  a  safe  shot 
time  could  be  determined.  The  predictions  were  verified  by  measuring  the 
far-field  airblast  at  several  locations. 


SIMULATOR  DESCRIPTIONS 

The  first  test  employed  a  Crater  and  Related  Effects  Simulator  (CARES)  to 
produce  the  airblast  and  groundshock  from  a  0.64  kt  nuclear  surface  burst. 
The  Near  Source  Simulator  (NSS)  portion  of  the  simulator  provided  the 
direct- induced  groundchcck  and  consisted  of  a  double  walled  fiberglass 
hemisphere  with  Nitromethane  filling  the  spc.ce  between  the  inner  and  outer 
walls.  In  addition,  there  were  shallow  fireball  wir.g  tanks  also  filled 
with  Nitromethane  around  the  lip  of  the  hemisphere.  The  central  subsurface 
tanks  contained  14,200  pounds  of  Nitromethane  and  the  wing  tanks  contained 
7.100.  A  cross-sectional  view  of  the  NSS  is  shown  in  Figure  1. 

Concrete  tamping  was  placed  over  the  area  between  the  two  walls  of  the 
central  tank.  The  inner  bowl  was  left  open  to  the  atmosphere  with  no 
temping.  There  was  no  tamping  over  the  fireball  wing  tanks. 

The  airblast  simulator  for  the  first  test  was  a  High  Explosive  Simulation 
Technique  (HEST)  charge.  The  HEST  varied  in  areal  explosive  density  from 
4.28  psf  at  the  close-in  edge  (r  -  16  ft  )  to  0.187  psf  at  the  outer  edge 
(r  -  120  ft).  The  explosives  used  were  Iremite  60  (15,323  pounds)  and  PETN 
detonating  cord  (10,685  pounds).  Strands  of  1-inch  diameter  Iremite  and 
400  gr/ft  det  cord  were  placed  in  grooved  polystyrene  boards.  The  groove 
spacing  and  board  thickness  were  varied  to  provide  the  proper  explosive 
|  density.  The  HEST  charge  was  tamped  with  18  Inches  of  finely  crushed 

limestone  with  a  density  of  130  pcf. 

A  transition  zone  (r  -  12  ft  to  t  -  16  ft)  provided  simulator  continuity 
between  the  NSS  and  the  HEST.  This  portion  contained  3,720  pounds  of 
Iremite  60  strands  placed  side  by  side.  No  foam  was  used  in  the  transition 
zone.  The  proper  explosive  loading  over  the  zone  was  achieved  by 
decreasing  the  number  of  Iremite  layers  as  the  radius  from  ground  zero 
increased. 

The  simulator  was  detonated  using  a  branching  detonating  cord  initiation 
system.  Tie-backs  were  used  in  the  regions  where  a  detonation  velocity 
exceeding  that  of  the  detonating  cord  was  required. 

The  simulator  used  in  the  second  test  was  similar  to  that  in  the  first 
(Figure  1.).  The  main  differences  were  the  larger  explosive  weight  in  the 
subsurface  charge  and  the  smaller  explosive  weight  in  the  HEST.  There  was 
74,200  lbs  of  Nitromethane  in  the  central  charge,  1,482  lbs  of  Iremite  60 
in  the  transition  zone,  and  3,500  lbs  of  Iremite  and  6,650  lbs  of  PETN 
detonation  cord  in  the  HEST.  Thera  were  no  wing  tanks  in  the  second 
simulator  and  the  crushed  limestone  overburden  depth  was  22  inches  instead 
of  18.  The  second  test  was  designed  to  produce  the  airblast  and 
groundshock.  loadings  from  a  0.39  kt  nuclear  shallow- depth  -  of  -  burs  t 
detonation. 
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COORDINATION  WITH  FT.  KNOX  AUTHORITIES 


A  feasibility  study  was  done  prior  to  asking  the  Ft.  Knox  Ccimander  for 
permission  to  conduct  these  la'-ge  explosive  tests  in  the  range  area. 
Although  this  study  showed  that  the  teats  could  be  conducted  without  damage 
to  private  property,  it  was  necessary  to  prepare  an  Environmental  Impact 
Assessment  (EIA)  before  permission  was  granted  for  the  second  shot 
(Reference  1) .  The  first  test  was  granted  a  categorical  exclusion  based  on 
a  previous  EIA.  Since  Ft.  Knox  must  comply  with  various  land  use  and 
noise  mitigation  programs,  the  EIA  addressed  the  test's  effects  on  the 
noise,  groundshock,  and  air  quality  outside  the  post  boundaries.  The  EIA 
also  addressed  the  effects  on  the  flora,  fauna,  groundwater,  air  quality, 
and  archaeological  sites . 

The  EIA  led  to  a  Finding  of  No  Significant  Impact  (PONSI).  A  notice  was 
published  inviting  inquiries  from  the  public,  but  there  were  no  inquiries 
made. 

Ft.  Knox  regulations  require  that  the  public  be  notified  anytime  a  larger 
than  normal  explosion  is  to  occur.  Notices  for  these  two  tests  were 
published  in  the  local  paper  and  announced  on  local  radio  stations.  The 
notices  simply  stated  that  the  Corps  of  Engineers  would  conduct  a 
demolition  test.  No  specifics  were  given.  These  notices  precipitated 
several  comments  from  local  citizens  to  the  Ft.  Know  Public  Affairs  Office, 
but  the  comments  were  in  the  realm  of  curiosity  and  not  complaints. 


PEAK  AIRBLAST  PRESSURE  CALCULATIONS 

The  explosion  effect  that  was  identified  in  the  EIA  as  having  thr  most 
potential  to  cause  damage  outside  the  boundaries  of  Ft.  Knox  was  airblast. 
The  parameter  largely  used  to  predict  airblast  induced  damage  to  structures 
and  animals  is  peak  pressure.  Therefore,  a  dependable  way  to  predict  peak 
pressure  at  various  ranges  from  tha  blast  site  was  needed.  Actually,  two 
types  of  calculations  wore  requirsd.  One  was  needed  to  deal  vitl.  the 
direct  transmission  of  the  pressure  pulse  in  the  air.  The  second  would 
have  to  model  the  complex  bending  of  the  sound  rays  by  the  atmosphere. 

As  outlined  in  tha  ANSI  standard  (Reference  2),  much  progress  has  been  made 
in  mathematically  modeling  the  variation  of  peak  pressure  with  range  for  a 
one  kiloton  (kt)  nuclear  burst  in  free  air.  That  work  was  initially  d;mr 
on  very  large,  high-speed,  digital  computers.  The  early  problems  with 
numerical  instability  in  the  calculations  at  long  ranges  were  finally 
resolved  in  the  work  completed  at  the  Air  Force  Weapons  Laboratory  (AFWL) . 
yielding  results  that  agree  with  the  known  effects  and  experimental  data. 
A  product  of  that  effort  is  a  closed- form  equation  that  models  pe^.k 
pressures  from  62,199  to  C. 000045  pel  over  ranges  from  30  to  30  million 
feet. 

By  using  Sach’s  scaling  laws  (Reference  3)  the  peak  pressure  produced  by  a 
specific  nuclear  explosion  at  a  given  range  may  be  obtained  iron  rfcu 
pressure  predicted  by  the  above  mentioned  AFVl  one  kt  model  This  is 
accomplished  by  dividing  the  actual  range  (R)  by  the  cube  root  of  the 
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weapon  yield  (expressed  in  kt).  That  value  (actually  the  scaled  range, 
lambda)  becomes  the  scaled  range  input  to  the  peak  pressure  calculating 
equation.  An  example  may  be  helpful. 

What  is  the  peak  pressure  at  7,000  ft  from  a  54,000,000  pound  yield  nuclear 
burst?  In  order  to  answer  this  question,  wa  express  the  yield  in  kilotons, 
that  is  27  kt.  Talcing  the  cube  root  of  the  yield  (in  kt)  gives  3.  This 
is  the  range  scale  factor.  The  actual  range  (7,000)  divided  by  tho  range 
scale  factor  (3)  gives  a  scaled  range  of  2,333  ft.  The  peak  pressure 
predicted  by  the  one  kt  model  for  that  range  (2,333  ft)  is  2.04  psi.  This, 
then,  is  also  the  peak  pressure  at  the  7,000  ft  range  from  a  54,000,000 
pound  yield  nuclear  burst. 

As  mentioned  previously,  the  paak  pressure  predicted  by  the  AFWL  one  kt 
model  is  for  a  free  air  burst.  Under  ideal  conditions  (point  source  and 
perfect  horizontal  reflector)  the  pressure  produced  by  a  surface  burst  will 
be  c'ne  same  as  that  produced  by  a  free-air  burst  having  twice  the  yield  of 
the  surface  burst.  In  the  above  example,  if  the  hurst  had  been  on  the 
surface,  the  scale  factor  would  have  been  the  cube  root  of  twice  27  kt 
which  is  3.78.  This  yields  a  scaled  range  of  1852  ft  (7,000  ft/3.78)  and 
an  associated  peak  pressure  of  2.82  psl. 

The  fine  analytical  work  represented  by  the  AFWL  model  has  applications 
well  beyond  the  confines  of  nuclear  weapons  effects.  Non-nuclear  peak 
airblast  pressures  can  also  be  predicted  using  this  model.  The  yield  of  a 
nuclear  weapon  is  described  in  terms  of  so  many  kilotons  of  TNT  equivalent. 
One  is  inclined  to  think  the  same  results  would  be  obtained  from  the 
detonation  of  an  equal  amount  of  TNT.  Such  is  not  tho  case.  For  reasons 
outlined  in  References  2  and  4,  the  peak  pressure  from  solid  or  liquid 
high -explosive  (HE)  sources  (e.g. ,TNT)  is  greater  than  that  of  an  equal 
nuclear  source.  The  yield  scale  factor  varies  with  the  scaled  range,  but 
for  peak  pressures  below  about  200  psi,  the  actual  TNT  charge  weight  must 
be  doubled  before  calculating  peak  pressure  with  the  procedure  described 
above . 

The  AFWL  model  may  be  used  in  several  ways  for  the  many  calculations  that 
must  be  made  during  the  planning  and  shot-day  efforts.  For  low  pressure 
levels,  the  model  can  be  plotted  on  log- log  graph  paper  for  the  planned 
charge  weight.  This  is  simple  and  quick.  However,  it  is  helpful  to  have 
the  equation  programmed  (Reference  5)  on  both,  personal  computers  and  hand¬ 
held  calculators  such  as  the  Hewlett  Packard  41  CX.  The  accuracy  and 
convenience  of  the  latter  makes  them  c) jarly  superior  to  the  graphical 
approach.  In  the  field,  ti.u  ready  availability  and  robust  character  of  the 
hand-held  units  make  them  the  calculating-engine  of  choice.  They  are 
particularly  useful  for  answering  the  peak  pressure  questions  that  always 
soem  to  surface  at  the  last  minute . 

Tha  AFWL  free-air  model  is  used  to  determine  the  distances  that  residences, 
support  equipment,  and  personnel  should  bt  located  away  from  the  explosive 
charge  (Figure  2.).  This  model  does  not,  however,  account  for  far-field 
airblast  as  it  is  affected  by  atmospheric  conditions.  On  a  "perfect"  day, 
the  blast  wave  from  the  detonation  would  propagate  outward  and  be  directed 
upward  In  all  compass  directions  (azimuths)  around  the  site.  Because  of 
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this,  the  pressure  at  distant  points  on  the  ground  would  be  such  less  than 
predicted  for  free -air  because  of  the  upward  bending  of  the  blast  wave. 

Such  bending  takes  place  when  the  speed  of  sound  changes  as  the  height 
above  the  ground  (elevation)  changes.  Since  che  speed  of  sound  in  still 
air  decreases  with  temperature  and  temperature  decreases  with  elevation  (on 
a  "perfect"  day),  the  lower  (in  elevation)  portion  of  the  blast  wave  will 
go  slightly  faster  than  the  portion  jusc  above  it.  This  is  celled  a 
"gradient"  condition,  and  the  effect  is  to  turn  the  wave  upward  and  away; 
minimizing  the  airblast  load  on  things  at  or  near  the  ground  surface. 

On  a  not-perfect  day,  which  is  to  say  almost  all  of  the  tine,  in  some 
azimuths  the  sound  speed  will  not  decrease  with  elevation.  There  are  two 
reasons  for  this.  First,  there  may  be  warm  layers  of  air  over  the  cooler 
layers  beneath  them.  Second,  the  wind  speed  may  increase  as  the  elevation 
increases.  In  that  situation  the  effective  sound  speed  (with  respect  to 
the  ground)  13  increasing  with  elevation  because  the  sound  is  moving  in  the 
air  at  its  sonic  velocity,  but  the  air  is  moving  .too.  In  bo  h  cases  the 
sound  rays  will  be  turned  back  toward  the  ground. 

It  is,  therefore,  important  to  include  the  influence  of  atmospheric 
conditions  when  predicting  far-field  airblast  and  determining  the 
advisability  of  detonating  a  given  charge  at  a  given  time.  In  deciding  if 
the  weather  conditions  are  acceptable  for  detonating  the  explosives,  two 
questions  must  be  answered.  How  much  bending  is  taking  place?  Where  will 
the  bending  rays  return  to  the  ground  (both  azimuth  and  range)?  In  trie 
case  of  minor  bending,  the  pressure  at  the  ray  return  point  wifi  be  just  a 
bit  higher  than  predicted.  In  the  worst  case  of  bending,  many  of  the  sound 
rays  will  be  bent  In  such  a  was  -net  they  all  return  to  the  saw  point  on 
the  ground.  In  other  wods,  they  will  be  focused  (called  a  caustic). 
Under  those  conditions,  the  peak  pressure  may  be  se''en  to  eight  times  the 
predicted  peak.  This  is  why  a  ray  tracing  procedure  must  be  employed. 

If  the  temperature  and  wind  valocity  values  for  any  point  in  the  air  were 
known  In  precise  detail,  then  ray  tracing  would  be  a  rather  simple  computer 
task  (provided  there  vert  an  automated  way  to  get  the  data;  how  about 
"magic").  Even  so,  the  problem  would  not  be  completely  resolved  because 
knowing  where  the  ray?  focus  is  only  part  of  the  answer.  The  peak  pressure 
must  also  be  determined.  However,  knowing  where  the  rays  focus  and  knowing 
that  the  airblast  is  increased  by  a  factor  between  one  and  eight  is  enough 
information  in  seme  cases  to  make  go  or  no-go  decisions.  If  the 
anticipated  peak  pressures  are  near  the  damage  threshold  at  some  locations, 
a  coarse  estimate  of  the  azimuth  and  range  of  potential  focus  points  is 
essential . 

In  practice,  the  best  weather  information  that  can  be  hoped  for  would  be  a 
velocity  and  temperature  versus  elevation  profile  taken  shortly  before  shot 
time.  Less  satisfactory  (but  often  all  that  is  available)  are  the  data 
taken  by  the  weather  people  at  nearby  stations  and  /or  short  term  forecasts 
based  on  computer  processing  of  such  data. 

Suffice  it  to  say  that  ray  tracing  based  on  such  an  out  of  date  and  sparse 
data  base  is  as  much  art  as  it  is  high-science.  In  situations  like  this, 


the  skill  of  the  weather-watch  person  i3  the  key  element  in  estimating  the 
reliability  of  the  input  data  and  interpreting  the  significance  of  the 
predicted  focus  points.  The  current  ray  tracing  programs  used  at  WES 
(Reference  6)  are  operational  on  personal  computers  with  supporting 
graphics.  They  are  available,  on  the  test  site  for  use  by  the  weather- 
watch  personnel  during  the  critical  hours  prior  to  the  scheduled  detonation 
time. 


FAR- FIELD  A1RELAST  MITIGATION  PLAN 

Since  the  explosive  yield  was  set,  the  atmospheric  conditions  at  shot  time 
would  determine  the  far-field  airblast.  A  far- field  airblast  mitigation 
plan  was  developed  to  minimize  the  probability  of  damaged  windows  in  and 
around  Ft.  Knox.  The  fir3t  step  in  this  plan  wa3  to  determine  the  window 
density  at  all  distances  and  azimuths  from  the  charge.  Yhe  second  step 
entailed  obtaining  a  detailed  report  of  the  meteorological  conditions  that 
would  exist  at  shot  time.  The  AFVL  model  and  the  ray-tracing  computer 
programs  would  then  be  used  to  obtain  the  magnitude  and  direction  of  any 
focused  far-field  cirblr.st  and  the  results  combined  with  the  window  density 
map  to  predict  the  window  damage  probability.  If  there  was  a  chance  of 
damaging  more  than  ten  windows  (roughly  the  window  damage  probability 
multiplied  by  the  number  of  windows)  in  any  area,  the  test  would  be 
postponed.  When  conditions  permitted  a  test,  observing  personnel  and 
instruments  to  measure  the  far-field  environment  would  be  dispatched  to 
those  locations  most  likely  to  experience  damage. 

The  window  density  map  was  drawn  with  the  test  located  at  the  center. 
Residence  locations  were  plotted  around  the  shot  at  increasing  distances. 
The  nearest  large  population  concentrations  were  located  in  Shepherdsville 
(7  miles  East-northeast)  and  Louisville  (13  miles  North).  Other  areas  of 
concern  were  Bardstown  (23  miles  Southeast),  Elizabethtown  (18  miles 
South),  and  Radcliff  (9  miles  Southwest). 

The  most  difficult  phase  of  the  mitigation  plan  would  be  the  weather  watch. 
Mr.  Jack  W.  Reed  from  Sandia  National  Laboratories  was  enlisted  to  perform 
this  phase  of  the  plan.  Mr.  Reed  has  numerous  years  of  experience  in  the 
field  of  weather  effects  on  far-field  airblast,  and  it  was  fortunate  that 
he  was  available  for  these  tests.  Mr.  Reed's  reports  concerning  the 
weather  for  each  of  these  tests  can  be  found  in  References  7  and  8. 

Test  conditions  necessitated  a  three  day  favorable  weather  window.  Three 
days  would  allow  one  day  for  instrument  hook-up  arid  sensicizing  the 
Nitromethans ,  one  day  for  the  shot,  and  one  backup  day.  The  backup  day  was 
very  important  because  a  long  delay  could  produce  an  unsafe  condition  with 
the  sensitized  Nitromethane .  Current  state-of-the-art  weather  forecasting 
abilities  yield  good  three-day  forecasts  which  would  allow  time  for  labor 
crews  to  prepare  for  a  possible  shot  day. 

On  shot  day  morning  the  weather  conditions  would  be  obtained  from  the 
National  Weather  Service.  In  addition,  an  artillery  support  group  would 
make  three  special  radio  balloon  ascensions;  one  at  four  hours  before  the 
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shot,  one  at  two  hours  before  tho  shot,  and  one  at  shot-time.  This  would 
provide  local  atmospheric  conditions  that  are  not  available  from  the 
weather  service. 


TEST  SCHEDULE 

The  teats  were  scheduled  based  on  construction  considerations.  A  finite 
amount  of  tiae  was  required  to  complete  the  various  phases  of  each 
experiment.  It  took  approximately  eight  months  to  fabricate  the  test 
structures  and  subsurface  charge  containers,  buy  the  explosives,  and 
accomplish  the  field  construction.  The  first  test's  earliest  possible  shot 
day  landed  in  early  November.  The  construction  activities  for  the  first 
test  were  on  schedule  and  the  shot  day  was  set  for  4  November  1986. 

The  field  work  for  the  second  test  could  not  begin  until  after  the  first 
test  was  complete.  The  field  work  for  the  second  test  took  about  four  and 
a  half  months.  This  meant  ttiat  the  second  shot  would  occur  about  mid-March 
if  the  weather  cooperated.  It  did  not. 


TEST  1  ACTIVITIES 

As  the  scheduled  shot  day,  4  November,  approached,  the  weather  forecasts 
indicated  that  favorable  conditions  would  not  be  present  in  the  foreseeable 
future.  Unfavorable  conditions  persisted  for  one  month.  Finally,  on 
Sunday,  30  November,  the  5-day  long  rango  forecast  revealed  a  change  in  the 
weather  patterns  that  might  bring  a  potential  shot  day  within  the  weak.  On 
Tuesday  the  shot  day  was  set  for  Thursday,  4  December.  Tho  cold  front 
slewed,  however,  and  on  Wednesday,  the  decision  was  made  to  delay  the  shot 
by  one  day.  Shot  day  became  5  December  1986. 

The  first  balloon  ascension  provided  data  that  indicatsd  that  the  winds 
were  becoming  more  northerly  and  that  focusing  in  the  direction  of 
Shspherdsvilie  would  not  be  a  problen.  It  appeared  that  focusing  could 
produce  window  damaging  far- field  airblast  in  Bardstovn  or  Elizabethtown, 
however.  Although  there  was  a  possibility  of  breaking  windows,  the  small 
populations  involved  put  only  a  few  panes  at  risk. 

The  shot  was  scheduled  for  1:45pm  and  far -fie  Id  airblast  units  with 
microbaragraph3  were  dispatched  to  the  house  nearest  tba  test  site  (Figure 
3.)  and  to  Bardstown.  The  simulator  was  detonated.  The  microbaragraph 
reading  at  the  house  nearest  the  test  site  did  not  record,  but  the  reading 
at  Bardstown  was  well  below  the  window  damage  threshold.  The  data  from  the 
shot  and  the  predictions  are  shown  in  Figure  4. 

After  the  test  there  were  several  reports  of  an  explosion  being  heard  at 
the  tine  of  tho  test.  One  report  from  Elizabethtown  indicated  that  the 
noise  was  loud  enough  to  rattle  some  windows.  There  were  two  property 
damage  claims.  The  first  claimed  that  the  shot  caused  a  storefront  window 
to  crack  in  Radcliff  (9  miles  Southwest).  The  second  claim  was  also  from 
Radoliff  and  stated  that  the  shot  caused  a  living  room  ceiling  to  sag. 
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Tha  post-test  investigation  of  these  claims  determined  that  there  was  a 
remote  possibility  that  the  shot  caused  the  broken  window,  but  not  the 
sagging  ceiling.  The  investigation  revealed  that;  there  was  only  one 
window  broken  (not  several  in  the  area  as  might  be  expected) ,  observers 
placed  in  the  area  could  barely  hear  the  detonation,  and  the  far-fieid 
airblast  prediction  program  using  the  actual  shot- time  weather  conditions 
indicated  that  minor  window  damage  was  possible,  but  not  structural  damage 
to  a  house.  At  shot  time  the  winds  became  more  northerly  causing  some 
focusing  in  the  vicinity  of  Radcliff  (Figure  5.). 

As  a  result  of  the  investigation,  the  window  damage  claim  was  paid  in  its 
entirety.  The  sagging  ceiling  claim,  however  was  r.ot.  Payment  to  cover 
superficial  repairs  was  offered  and  initially  refused.  The  homeowner 
threatened  a  lawsuit,  but  finally  settled  for  the  original  offer.  No  other 
claims  resulted  from  the  first  shot. 


TEST  2  ACTIVITIES 

The  second  test  was  scheduled  for  mid  May  1937.  The  test  did  not  occur, 
however,  until  4  June  1937.  The  delay  was  needed  so  that  the  applicable 
environmental  and  land  use  procedures  could  be  properly  executed.  Thare 
was  a  one  day  delay  due  to  weather. 

The  weather  patterns  in  May  and  June  produced  more  numerous  favorable  shot 
days  than  did  the  November-Deceaber  patterns.  The  shot  wa3  scheduled  for 
Wednesday,  3  June.  The  three  day  forecast  indicated  that  the  passage  of  a 
front  around  Tuesday  would  make  Wednesday  an  acceptable  shot  day.  On 
Monday  it  appeared  that  the  pre-frontal  activity  would  make  a  Wednesday 
shot  difficult,  and  by  Tuesday  morning  it  became  obvious  that  the  shot 
would  hava  to  be  postponed  until  Thursday,  4  June. 

On  Thursday  morning  the  7:00  am  balloon  ascension  indicated  a  shallow  but 
strong  temperature  inversion  that  could  cause  strong  airblast  ducting  and 
focusing  in  the  direction  of  Shepherdsville  (reference  6).  Inversion 
ducting  toward  Elizabethtown  would  cause  window  damage  threshold 
overpressures  and  in  Radcliff  the  threshold  would  be  exceeded.  The 
inversion,  however,  was  expected  to  dissipate  as  surface  warming  occurred 
during  the  day.  Another  balloon  ascension  was  conducted  at  10:00  am  which 
indicated  that  the  inversion  had  weakened.  This  cleared  the  way  for  the 
1:00  pra  shot.  Technical  difficulties  delayed  the  test  until  1:19  pm. 

Far-field  monitoring  crews  were  dispatched  to  Shepherdsville,  Radcliff,  and 
tha  house  nearest  the  test  site.  Mlcorbaragraphs  were  used  at 
Shepherdsville  and  the  house  nearest  the  test  site.  Hand-held  sound  meters 
were  used  at  Radcliff  and  also  at  Shepherdsville. 

The  shot  time  balloon  ascension  data  indicated  that  only  minor  ducting 
would  occur  and  that  there  should  be  no  windows  damaged  from  the  shot 
(Figure  6).  The  far-field  monitoring  stations  verified  this  with  their 
measurements  (Figure  7).  The  data  and  predictions  are  shown  in  Figure  8. 
The  microbaragraph  reading  at  the  house  nearest  the  test  site  did  not 


record,  but  the  other  three  stations  had  good  data.  The  noise  from  the 
alrblast  at  Shepherdsville  and  Radcliff  vas  will  below  the  usual  outside 
sounds  (traffic,  wind,  etc.)  and  only  sounded  like  distant  thunder. 


CONCLUSION 

The  procedures  used  to  mitigate  the  far -field  alrblast  from  theso  large 
explosive  detonations  were  effective.  The  objective  of  a  successful 
mitigation  plan  is  to  ensure  public  safety  and  limit  damage  in  surrounding 
areas.  Current  analytical  techniques  enable  the  test  conductor  to  meet 
this  objective.  In  most  cases,  a  detonation  should  not  be  planned  if 
damage  due  to  far-field  alrblast  is  unavoidable.  Once  a  detonation  is 
planned,  however,  it  is  the  responsibility  of  the  test  conductor  to  ahooi: 
only  when  damage  will  not  occur.  Since  atmospheric  conditions  can  increase 
or  decrease  the  peak  far-field  alrblast  overpressures,  the  test  conductor 
must  -iluate  the  atmospheric  effects  before  a  shot  is  fired.  This 
evaluation  will  require  knowledge  of  the  weather  forecast  for  shot  time  and 
analytical  tools  that  can  predict  far-field  airblest  and  any  focusing  that 
will  occur.  The  test  conductor  should  also  document  the  actual  shot  time 
conditions  and  far-field  effects  in  the  event  damage  claims  are  filed. 
Tills  procedure  was  proven  effective  at  Ft.  Knox.  With  the  help  of  Mr.  Jack 
W.  Retd  of  Sandia  National  Laboratories,  the  Waterways  Experiment  Station 
successfully  conducted  two  large  explosive  tests  near  populated  areas  and 
kept  the  far-field  alrblast  within  acceptable  limits. 
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Figure  6.  Shot  time  ray-trace  tor  Test  2. 
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ABSTRACT 


The  Aberdeen  Proving  Ground  (APG)  Firing  Barricades  were  designed  and 
built  forty  to  sixty  years  ago.  The  army's  weapons  systems  and  the 
criteria  for  tasting  them  have  undergone  significant  changes  since  that 
time.  Today,  the  weapons  are  more  powerful  and  the  safety  and 
environmental  testing  criteria  are  more  critical.  Noise  and  blast 
generated  at  firi-.g  points  on  army  installations  are  now  being 
critically  evaluated  because  of  increasing  concern  about  protecting 
personnel  l.i  the  vicinity  of  the  weapons.  New  government  regulations 
on  noise  pollution  are  also  increasing  public  awareness  on  this  matter. 
With  these  safety  and  environmental  constraints,  the  testing  programs 
at  Aberdeen  Proving  Ground  have  had  to  be  compromised  in  many 
situations  in  order  to  maintain  adequate  safety  and  reduce  noise.  It 
is,  therefore,  necessary  that  the  Aberdeen  Proving  Ground  Firing 
Barricades  be  improved  by  modernization  or  replacement  in  order  to 
regain  the  testing  flexibility  which  they  had  in  years  past. 
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This  paper  will  discuss  the  development  of  detailed  conceptual  schemes 
to  be  Incorporated  In  the  criteria  proposed  for  the  design  of  a  new 
Improved  Firing  Barricde.  Elements  of  the  Study  included: 

s.  Functional  design  criteria,  configuration  characteristics  and  a 
general  arrangement  of  the  improved  barricades  and  support 
facilities  ac  the  Firing  Line. 

b.  Establishment  of  separation  distances  between  on-site  and  off-site 
structures,  between  individual  on-site  structures,  and  between 
on-site  structures  and  off-site  access  roads.  This  was  done  in 
order  to  attentuate  the  blast  overpressures  resulting  from  an 
accidental  explosion  as  well  as  the  sound  produced  by  normal  firing 
operations. 

c.  Development  of  structural  schemes,  including  concrete  element 
thicknesses,  types  of  reinforcement  and  associated  blast-resistant 
items  such  as  doors  and  fragnent  shields,  which  will  provide 
improved  protection  for  personnel  and  equipment,  prevent  propagation 
of  an  explosion,  direct  primary  fragments  in  a  safe  direction,  and 
attenuate  noise  generated  by  test  firing. 


1.  INTRODUCTION 


1.1  Objective 

This  concept  study  was  prepared  by  Booker  Associates,  Inc.  for  the 
Baltimore  District,  U.S.  Army  Corps  of  Engineers,  in  cooperation  with 
personnel  at  Aberdeen  Proving  Ground  Maryland  represnting  both  the 
Directorate  of  Engineering  and  Housing  and  the  U.S.  Army  Combat  Systems 
Test  Facility.  The  purpose  of  the  study  was  to  develop  functional 
design  criteria  and  geometric  configurations  for  a  new  General  Firing 
Barricade  with  Temperature  Conditioning  Cells  and  a  Control  and 
Instrumentation  Building.  The  Improved  General  Firing  Barricade  will 
replace  existing  firing  barricades  on  the  main  range  at  Aberdeen 
Proving  Ground,  Maryland. 

1.2  Background 

The  Aberdeen  Proving  Ground  Firing  Barricades  were  constructed  forty  to 
sixty  years  ago.  Weapons  systems  and  the  criteria  for  testing  them 
have  undergone  significant  changes  since  that  time.  Today,  the  weapons 
are  more  powerful  and  the  safety  and  environmental  criteria  are  more 
demanding.  Noise  and  blast  effects  generated  at  firing  points  on 
military  installations  are  now  being  more  critically  evaluated  because 
of  increasing  concerns  for  personnel  protection  in  the  vicinity  of  the 
weapons.  New  regulations  on  noise  pollution  are  in  effect,  as  well  as 
increased  public  awareness.  With  these  safety  and  environmental 
constraints,  the  testing  programs  at  Aberdeen  Proving  Ground  are  being 
compromised  in  order  to  maintain  safety  and  to  abate  noise.  It  was, 
therefore,  necessary  that  an  improved  firing  barricade  be  developed  at 
Aberdeen  Proving  Ground  to  regain  the  testing  flexibility  which  had 
existed  for  many  years. 


1.3  8as1c  Criteria 


To- Initiate  the  study,  basic  criteria  »,as  established  as  follows: 

a.  Weapons  to  be  test-fired  at  the  Improved  barricade  were  tabulated 
and  are  listed  In  figure  1  with  dimensional  d3ta. 

b.  Llne-of-fire  for  weapons  was  established  requiring  elevations 

ranging  from  0  to  30  degrees  above  horizontal  and  lateral  movement 

of  3-3/4  degrees  left  or  right  of  tiie  center  line.  Ability  to 

quickly  vary  the  elevation  of  the  weapon  being  tested  will  be 

required. 

c.  The  barricade  must  provide  two  firing  positions:  A  permanent 

mount  for  weapon  components  and  *  mobile  position  for  complete 

weapons  on  their  carrier.  The  weapon  components  must,  be  accessible 
for  replacement  in  a  short  period  of  time. 

d.  The  weapons  being  tested  will  be  controlled  and  monitored  from  a 
safe  remote  position. 

e.  The  barricade  must  provide  weather  protection,  but  allow  for  firing 
of  the  weapon  at  the  stated  maximm?  elevation. 

f.  The  firing  barricade  must  meet  the  criteria  sc'.  forth  In  1M  5-1300, 
''Structures  to  Resist  tie  Effects  of  Accidental  Explosion". 

1.4  Design  Criteria 

Blast  design  criteria  is s  established  as  follows: 

a.  The  maxlmim  credible  incident  w*ll  be  detonation  of  explosives 
totaling  200  pourds  of  TNT  equivalency.  The  location  of  this 
charge  for  the  worst  case  will  be  at  a  stand-off  dlstarce  of  12 
feet  to  the  face  of  the  closest  wall,  and  three  feet  above  the 
floor. 
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b.  Fragmentation  protection  will  be  based  on  a  weapon  fragment 
weighting  5CO  pounds  and  traveling  at  1G0G  feet  per  second.  A 
breech  failure  will  be  a  700  pound  fragnent  traveling  300  feet  pc** 

second. 

c.  The  firing  barricade  must  withstand  one  maximum  credible  incident, 
however.  It  should  be  reusable  after  several  accidental  detonations 
of  the  magnitude  of  normal  daily  operations,  firing  one  round  at  a 

time. 

d.  The  control  and  Instrumentation  building  must  withstand  an 
accidental  explosion  within  tne  firing  barricade. 

Noise  Criteria  was  established  as  follows: 

a.  Noise  containment  or  attentuation  during  normal  firing  must  be 
evaluated  to  provide  the  maxima  results  practical  and  economically 
obtainable. 

b.  Maxima*  noise  criteria  was  established  at  140  decibels  during  test, 
firing  at  the  face  of  the  inhabited  structures  along  Main  Front 
Road,  behind  the  barricade. 

2.  EXISTING  FIRING  BARRICACES 

2.1  Facility  Layout 

The  existing  firing  barricades  are  located  along  Main  Front  Road 
at  Aberdeen  proving  Ground  as  shown  In  Figure  2.  This  main  road  is 
fenced  from  the  rest  of  the  facility  and  only  authorized  personnel  are 
permitted  entry  into  the  area. 


2.2  Existing  Facility  Operation 

The  configuration  of  the  existing  barricade  permits  the  test  firing  of 
large  caliber  military  weapons  systems.  These  weapons  may  be  fired 
within  the  barricade  from  either  a  permanent  gun  mount  or  from  the 
weapon's  support  vehicle  or  field  carriage.  Personnel  required  to  load 
the  weapon  prior  to  firing  leave  the  barricade  and  remain  behind  the 
back  wall  of  the  structure.  Firing  of  the  weapon  is  accomplished  by 
pulling  the  lanyard  which  is  brought  over  the  back  wall  on  a  system  of 
pulleys.  Prior  to  firing,  the  crew  chief  visually  Inspects  the  area 
surrounding  the  barricades  to  ascertain  that  personnel  are  not  exposed 
to  the  effects  of  firing.  Ear  protection  must  be  worn  by  all  personnel 
in  the  Immediate  area  of  the  barricade. 


Permanent  instrumentation  is  not  provided  at  the  barricades,  but 
Is  installed  when  required.  These  instruments  are  positioned  in  the 
vicinity  of  the  barricade  either  in  the  open  or  behind  make-shift 
shields. 


Ammunition  is  brought  from  a  remote  storage  location  by  truck  which  is 
parked  in  the  vicinity  of  the  barricade.  The  explosive  Items  are 
carried  into  the  barricade  to  be  loaded  in  the  weapon.  The  quantity  of 
explosive  contained  in  these  vehicles  Is  kept  to  a  minimum,  thereby 
requiring  many  deliveries  of  explosive  items  in  order  to  complete  the 
day's  firings. 

Delivery  of  the  test  weapons  to  the  barricade  Is  by  truck.  The  truck 
may  contain  one  or  more  weapons  to  be  test-fired  and  is  backed  into  the 
barricade  alongside  the  gun  position.  At  the  same  time,  a  long  boom 
portable  crane  is  positioned  outside  the  barricade.  The  crane's  boom 
reaches  over  the  barricade  wall  and  the  weapon  to  be  tested  is  then 
removed  from  the  truck  and  placed  in  its  proper  position  by  the  crane. 
The  truck  and  the  crane  are  removed  frcm  the  barricade,  but  parked  in 
the  vicinity  of  the  barricade  during  test  firing. 
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2.3  Explosive  Hazards 


The  major  explosive  hazard  occurs  In  the  firing  barricade.  A  misfire 
or  other  malfunction  before  or  during  firing  could  cause  an  accidental 
explosion.  The  next  lower  level  of  hazard  occurs  in  the  preparation  of 
the  ammunition  for  firing.  The  least  hazardous  of  all  is  the  temporary 
storage  of  the  ammunition. 

The  existing  firing  barricades  are  conventionally  reinforced  concrete 
structures  as  shown  in  Figure  3.  The  barricade  Is  composed  of  two 
adjoining  bays  with  open  front  walls  facing  down  range,  no  roof  and  a 
labyrinth  type  common  entrance  through  the  back  wall.  The  walls  are 
not  fixed  at  their  bases  to  resist  overturning  by  large  blast  forces 
but  are  merely  embedded  into  the  ground  for  several  feet. 

The  blast  capacity  of  the  walls  of  the  existing  barricades  Is  highly 
questionable  due  to  the  fact  that  they  are  conventionally  reinforced 
and  are  not  rigidly  fixed  at  their  bases.  Conventionally  reinforced 
members  cannot  sustain  large  deformations  and  are  susceptible  to  local 
failures  caused  by  the  highly  non-inform  and  high  intensity  blast  loads 
associated  with  the  blast  effects  of  a  close-in  detonation.  Since  the 
walls  are  not  rigidly  fixed  at  their  bases,  resistance  to  the  large 
overturning  forces  caused  by  close-in  blast  loads  is  due  solely  to 
inertial  forces  and  the  restraint  afforded  by  their  bases  being 
embedded  in  the  ground.  Although  the  existing  barricades  will  probably 
be  able  to  resist  an  accidental  explosion  occurring  in  the  smaller 
caliber  weapons,  the  walls  may  fail  due  to  an  accidental  explosion  of 
larger  caliber  weapons. 

The  gun  crew  located  behind  the  back  wall  of  the  barricade  will  be 
subjected  to  high  blast  pressures  should  an  accidental  explosion  occur 
within  the  gun  tube  or  should  the  warhead  detonate  soon  after  it  leaves 


the  muzzle.  Under  current  APG  procedures,  the  crew  Is  provided 
protection  in  strategically  placed  portable  structures.  This 
protection  is  from  fragments  resulting  from  a  detonation  of  a 
projectile  in  the  gun  or  soon  after  leaving  the  muzzle  if  the  gun  is 
fired  in  an  elevated  position.  The  crew  will  also  be  subjected  to  the 
blast  and  fragment  effects  associated  with  an  accidental  explosion  of 
the  ammunition  which  is  and  temporarily  stored  before  firing.  The 
explosion  of  this  stored  ammunition  could  be  caused  by  an  incident  In 
the  firing  barricade  since  it  is  generally  not  shielded. 

2.4  Noise  Generation 

An  analysis  was  made  of  the  firing  noise  to  which  personnel  near  the 
barricade,  elsewhere  on  the  Proving  Ground,  and  in  nearby  communities 
are  exposed.  This  noise  exposure  is  based  on  the  firing  of  the  120  MM 
M-l  Tank  Gun.  Results  of  field  measurements  are  plotted  on  Figure  4. 
This  data  established  a  reference  for  further  analysis  based  on  the 
design  proposed  for  the  Improved  firm  Barricade. 

3.  PROPOSED  IMPROVED  GENERAL  FIRING  BARRICADE  FACILITY 

3.1  Facility  Layout 

The  Improved  Firing  Barricade  Facility  will  Include  three  structures. 
They  are  the  barricade,  control  and  instrumentation  building,  arid 
temperature  conditioning  cells.  These  three  structures  are  separated 
by  intraline  distances  and  have  access  roads  from  Main  Front  Road  to 
the  facility.  Figure  5  shows  the  layout  of  the  proposed  facility. 

The  firing  barricade  will  be  a  cubicle  with  the  open  face  in  firing 
direction.  The  barricade  will  be  74'  wide  and  70'  deep  with  a  40'  high 
ceiling.  There  will  be  two  gun  positions  located  within  the  firing 
barricade  and  an  area  between  the  two  firing 
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positions  for  tractor-trailer  access.  This  is  shown  on  the  floor  plan 
on  Figure  8.  There  will  be  ten  ton  bridge  crane  servicing  both  firing 
positions.  Access  to  the  firing  barricade  will  be  provided  through 
personnel  doors  to  the  rear  and  to  the  side.  Each  door  opening  will  be 
protected  by  a  concrete  wall  capable  of  suppressing  the  door  and  any 
trailing  primary  or  secondary  fragment  missiles  in  the  event  of  an 
incident  during  firing. 

The  control  and  instrumentation  building  will  be  a  harden  structure 
constructed  of  reinforced  concrete  walls  approximately  12"  thick.  The 
structure  will  be  designed  to  resist  missile  fragments  generated  by  an 
accidental  explosion  at  the  temperature  conditioning  cells  and  will 
also  be  capable  of  resisting  the  overpressure  experienced  from  an 
accidental  explosion  either  at  the  temperature  conditioning  cells  or 
from  the  firing  barricade. 

The  tanperature  conditioning  cell  will  be  a  reinforced  concrete  box 
capable  withstanding  the  internal  pressure  developed  by  an 
accidental  explosion  of  one  105mm  round.  However,  the  cell  will  not  be 
designed  to  resist  the  maximum  credible  incident  which  would  be  a 
simultaneous  detonation  of  the  explosive  limit  for  the  temperature 
conditioning  call. 

3.2  Explosive  Hazards  Due  to  Accidental  Occurrences 

The  greatest  probability  for  an  incident  is  within  the  firing 
barricade.  Such  an  incident  could  be  a  structural  failure  of  the 
weapon  or  a  pre-detonation  of  the  projectile. 

The  maximm  credible  incident  which  could  occur  withi;i  the  firing 
barricade  would  be  during  rapid  firing  of  certain  weapons,  in  which 
case,  the  total  TNT  equivalence  of  the  accumulated  rounds  would  be  200 
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pounds.  The  requirement  fo'*  rapid  firing  of  multiple  rounds  is  not  a 
frequent  occurrence  and  recognizing  that  fact,  the  structure  will  be 
designed  to  resist  this  maximum  credible  incident  on  a  one  time  basis. 
The  structure  would  be  substantially  damaged  and  probably  would  have  to 
be  replaced  following  a  maximum  credible  incident.  On  the  other  hand, 
an  accident  resulting  from  the  more  frequent  requirement  of  single 
round  testing  will  not  significantly  damage  the  firing  barricade.  The 
result  of  a  single  round  detonation  of  60  pounds  of  TNT  would  cause  no 
more  than  1  degree  of  support  rotation  as  opposed  to  a  12  degree 
support  rotation  for  the  maximum  credible  incident. 

The  overpressure  to  the  rear  of  the  firing  barricade  due  to  a  maximum 
credible  incident  within  the  firing  barricade  is  less  than  1.2  psi  at 
the  building  along  Main  Front  Road  as  shown  on  Figure  7.  The 
temperature  conditioning  cells  are  located  at  intraline  distance  from 
the  firing  barricade  and  the  control  and  instrunentatlon  building. 
This  intraline  barricaded  distance*  is  65  feet.  The  Intermagazine 
distance  between  each  of  the  temperature  conditioning  cells  is  10  feet. 
The  probability  of  an  accident  occurring  at  the  temperature 
conditioning  cells  is  much  lower  than  within  the  firing  barricade. 

3.3  NOISE  SUPPRESSION 

To  further  enhance  of  sound  attentuatior,  a  modification  of  the 
barricade,  partially  closing  the  downrange  side  with  movable  doors, 
was  Investigated.  Figure  8  shows  estimated  noise  levels  with  the 
barricade  open.  Indicating  a  level  of  145  d8  along  Main  Front  Road. 
Figure  9  shows  the  results  of  partially  closing  the  downrange  side. 
Maximum  noise  level  on  Main  Front  Roaa  is  reduced  to  125dB. 
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A  cost  estimate  indicated  that  the  doors  and  associated  mechanisms 
would  cost  an  additional  $500,000.  Although  the  attenuation  results 
would  be  significant,  the  cost  is  high  and  the  criteria  requirements 
for  140  db  at  the  buildings  along  Main  Front  Road  will  be  satisfied 
with  open  barricade. 

3.4  New  Firing  barricade  Construction 

The  design  proposed  for  the  Improved  Firing  Barricade  is  a  laced 
reinforced  concrete  structure  designed  to  resist,  without  significant 
damage,  the  blast  effect  of  an  accidental  detonation  during  normal  test 
firing  operations.  It  will  also  resist  the  blast  and  fragment  effects 
associated  with  accidental  explosion  equivalent  to  a  maximum  of  200 
pounds  of  TNT  located  approximately  12  feet  from  the  face  of  any  wall. 

The  laced  reinforced  concrete  wall  system  will  Include  missile  fragment 
protection  immediately  behind  the  firing  point  to  suppress  breech  block 
failure.  This  protection  will  be  provided  by  a  2  Inch  thick  steel 
plate  mounted  on  the  face  of  the  concrete  wall.  The  reinforced 
concrete  structure  will  be  of  sufficient  thicknesses  to  suppress  a 
steel  fragment  weighing  500  pounds  and  traveling  1000  feet  per  second. 


The  permanent  gun  mount  will  be  attached  to  a  massive  concrete  base. 
This  foundation  will  be  isolated  from  the  rest  of  the  firing  barricade 
in  order  to  prevent  localized  stress  concentration  in  the  structure  due 
to  firing  at  the  permanent  gun  mount.  The  roof  height  was  set  such 
that  a  maximum  elevation  of  30  degrees  can  be  obtained  for  both  the 
mobile  weapons  and  fixed  mount  weapons.  The  length  of  the  side  walls 
of  the  firing  barricade  wa«  based  on  the  longest  barrel  requirement  of 
24'  plus  15'  to  the  end  of  the  walls. 

The  Control  and  Instrumentation  Building  shown  on  Figure  10  will  be  a 
conventionally  reinforced  concrete  structure  designed  to  protect 
personnel  and  instrumentation  from  the  blast  effects  of  normal  firing 
operations  as  well  as  the  blast  and  fragment  effects  associated  with  an 
accidental  explosion  which  might  occur  in  the  Firing  Barricade  or  at 
the  Temperature  Conditioning  Cells.  Personnel  located  within  the 
building  are  also  protected  from  the  noise  pressure  caused  by  normal 
firing  operations. 

The  Temperature  Conditioning  Cells  will  be  reinforced  concrete,  earth 
covered  structures  as  shown  in  Figure  11.  In  addition  to  the  head  wall 
doors,  a  pair  of  sliding  steal  grates  are  included  to  contain  the 
contents  of  the  room  should  a  single  round  detonation  occur.  This  is 
assuming,  or  course,  a  simultaneous  detonation  does  not  occur.  To 
ensure  that  the  cell  can  contain  a  single  round  detonation,  a 
reinforced  concrete  structure  was  selected  over  a  conventional  metal 
arch  type  structure.  A  maximum  credible  incident  of  simultaneous 
detonation  will  destroy  the  cell,  however,  the  adjacent  Cells  will 
withstand  the  external  effect  of  such  a  detonation. 
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4.  Conclusions 


There  are  a  number  of  conclusions  from  this  study  concerning  the  design 
and  siting  of  the  Improved  Firing  Barricade  Facility.  They  are  based 
on  considerations  of  the  mission  of  the  facility,  the  present 
state-of-the-art  in  design  and  construction  of  blast  resistant 
structures,  and  methods  of  noise  attentuation.  These  conclusions  are 
as  follows: 

a.  It  is  both  feasible  and  practical  to  construct  an  Improved  Genera! 
Firing  Barricade  Facility  at  Aberdeen  Proving  Ground,  Maryland 
meeting  the  established  criteria. 

b.  It  is  feasible  to  design  and  construct  a  Firing  Barricade  to 
sustain  the  blast  and  fragment  effects  of  an  accidental  explosion 
which  may  occur  during  the  testing  of  weapons  systems. 

c.  Laced  reinforced  concrete  construction  is  required  for  the  Firing 
Barricade  in  order  to  resist  the  effects  of  close-in  blast 
loadings. 

d.  Significant  construction  cost  savings  can  be  realized  by 
establishing  the  support  rotation  limits  for  the  blast  walls  at  12 
degrees  in  lieu  of  2  degrees  for  a  maxlmun  credible  Incident 
equivalent  to  200  pounds  of  TNT. 

e.  The  Improved  General  Firing  Barricade  with  an  openside  downrange 
will  attenuate  noise  to  140  db  at  the  inhabited  buildings. 
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ABSTRACT 

Electrostatic  Discharge  (ESD)  has  been  Identified  in  the  past  as  the  probable 
cause  of  several  propellant  and  electroexplosive  device  mishaps.  ESD  has  become 
a  subject  of  much  interest  in  the  solid-propellant  rocket  motor  (SRM)  community. 
Before  static  electricity  can  become  active,  it  must  be  generated  and  have  a 
location  to  accumulate.  If  the  generation  and  accumulation  phases  can  be  con¬ 
trolled,  then  the  risk  of  the  ESD  hazard  can  be  significantly  reduced.  Means  of 
such  control  are  available,  but  materials  now  in  use  in  shipping  explosive 
devices  often  make  those  means  either  inapplicable  or  unnecessarily  difficult  to 
apply.  This  paper  challenges  the  SRM  and  explosives  communities  to  develop 
standard  regulations  to  control  the  materials  used  in  shipping  and  handling  of 
explosives  and  explosive  items. 


INTRODUCTION 

Arnold  Engineering  Development  Center  (AEDC)  is  an  Air  Force  Systems  Command 
(AFSC)  facility  Involved  in  research,  development  and  testing  of  new  and 
existing  weapons  systems.  The  mission  of  the  Center  includes  test  firing  of 
rocket  motors  at  simulated  altitude  and  handling  of  related  and  nonrelated 
electroexplosive  devices  (EED's).  To  accomplish  this,  many  different 
manufacturers'  explosive  products  must  be  received,  inspected,  stored, 
transported,  prepared  and  fired.  AEDC  personnel  involved  In  these  operations 
have  no  control  over  selection  of  packaging  and  shipping  container  materials  for 
the  explosives  transported  to  AEDC.  Explosives  items  are  often  received  in 
static-producing  packing  materials. 

Electrostatic  discharge  (ESD)  from  packing  materials  and  oth:r  sources  is  a 
well -documented  hazard  to  explosive  Items.  Electrostatic  discharge  occurs  when 
a  static  charge  moves  from  one  material  to  another  and  can  result  in  the 
inadvertent  ignition  of  explosives.  To  understand  the  ESD  hazard,  knowledge  of 
static  electricity  is  necessary. 

THE  ESD  PHENOMENON 

Electrostatics  has  been  looked  upon  as  a  potpourri  of  science,  black  art,  and 
old  wives'  tales.  In  fact,  it  is  a  science  that  is  not  completely  understood. 
Static  electricity  can  be  thought  of  as  electric  energy—that  is,  an  electrical 
charge— at  rest.  Static  electricity  does  not  pose  a  problem  until  it  is  aroused 
from  its  resting  place  and  made  active.  This  activation  is  called  electrostatic 
discharge.  Static  electricity  can  be  represented  by  a  triangle  (Fig.  1). 
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The  sides  of  the  triangle  are  1)  Generate,  2)  Accumulate,  and  3)  Activate.  For 
static  electricity  to  pose  a  problem,  all  three  sides  of  the  triangle  must 
exist.  Therefore,  elimination  or  effective  control  of  any  one  of  these  triangle 
sides  will  provide  control  of  risk  associated  with  an  ESO  hazard. 

Next,  consider  each  side  of  the  static  triangle- 

Generation 

Static  electricity  can  be  generated  by  unbalancing  the  molecular  construction  of 
relatively  non-conductive  materials.  The  resulting  phenomenon  is  called 
triboelectrification.  Explained  briefly,  when  two  dissimilar  materials  make 
contact  with  each  other,  an  exchange  of  electrons  between  the  atoms  in  the 
surfaces  of  the  materials  takes  place  (Fig.  2).  Electrons  from  one  material 
move  across  the  boundary  between  the  two  materials  and  associate  with  the  other 
material.  There  will  exist  a  difference  in  charge  of  the  two  materials,  *nd 
when  separated  a  significant  potential  difference  (voltage)  will  result. 

If  both  materials  in  contact  are  good  conductors  and  they  are  separated,  the 
charge  Imbalance  at  the  interface  will  cease  to  exist  because  of  the  ease  of 
electron  flow  between  the  tvo  conductive  materials.  Both  materials  will  then  be 
at  the  same  potential.  If  a  dielectric  material  is  in  contact  with  a  conductive 
material,  then  upon  separation  a  .harge  will  remain  on  both  surfaces.  However, 
the  conductive  material  can  be  grounded  to  provide  a  path  for  the  charge  to 
bleed  off.  The  dielectric  does  not  have  this  capability  and  may  maintain  a 
charge  accumulation  for  long  periods  of  time.  A  composite  listing  of  materials 
in  the  triboelectric  series  is  shown  in  Fig. 3.  Cotton  has  been  taken  as  the 
neutral  material.  The  further  apart  paired  materials  aie  on  the  scale,  the 
greater  will  be  the  charge  transferred  when  they  are  separated. 

Accumulation 

The  accumulation  of  electrostatic  charge  occurs  when  the  charges  generated  on 
contact  deposit  themselves  on  the  surfaces  when  the  materials  become  separated. 
The  ease  by  which  the  free  electrons  shared  by  the  material  surfaces  during 
contact,  return  to  equilibrium  upon  separation  is  a  function  of  the  material 
conductivity.  The  charge  flows  freely  between  the  materials  for  good 
conduction.  For  nonconductors  (dielectrics)  the  charge  cannot  flow  freely  and 
upon  separation  the  materials  retain  their  charges  intact  and  accumulation 
occurs.  The  accumulation  of  charge  for  dielectrics  is  cummulative ,  depending  on 
the  number  of  times  the  materials  make  contact  and  are  separated.  That  is,  the 
more  times  the  materials  are  separated,  the  greater  will  be  the  charge 
transferred,  and  consequently,  the  greater  will  be  the  static  potential 
difference. 

Charge  generation/accumulation  can  occur  simply  by  the  wind  blowing  over  a 
dielectric  material.  The  charge  that  resides  on  a  dielectric  may  remain  for  a 
significant  period.  The  maximum  charge  density  that  can  be  accumulated  on  a 
dielectric  surface  is  2.65  x  10‘5  coulombs/sq  (Ref.  1).  Above  this  value, 
corona  discharge  occurs. 
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Activation 

The  activation  of  static  electricity  (discharge)  is  a  physical  phenomenon 
dependent  on  both  the  generation  and  accumulation  legs  of  the  static  triangle. 
The  probability  of  activation  is  present  if  a  charge  C3n  be  generated  and 
accumulated  on  the  case  of  an  electroexplosive  device  sufficient  to  initiate  a 
case-to-ground  discharge  through  the  igniter  explosive  charge;  or  if  the  energy 
stored,  resulting  from  separation  of  a  nonconductive  rocket  motor  case  from 
mounting  hardware,  is  sufficient  to  cause  an  electrical  breakdown  in  the 
propellant  and  a  high  energy  electrical  discharge  is  possible.  Therefore,  if 
control  of  the  static  generation  and/or  accumulation  legs  of  the  triangle  can  be 
obtained,  then  the  risk  associated  with  activation  can  also  be  controlled. 

Static  Controls 

How  can  static  electricity  be  controlled?  Based  on  the  static  triangle, 
eliminating  any  of  the  legs  of  the  triangle  will  control  static  electricity. 
The  control  of  activation  is  accomplished  by  the  control  of  generation  and/or 
accumulation.  Without  generation  and  accumulation  activation  cannot  occur. 
There  are  five  major  methods  available  for  controlling  static  generation  and/or 
accumulation:  1)  bonding  and  grounding,  2)  relaxation  time,  3)  humidification, 
4)  ionization,  and  5)  increase  electrical  conductivity  (Ref.  1).  Bonding  and 
grounding  is  the  most  effective  technique  for  conductive  materials. 

At  AEDC,  a  ground  connection  is  made  when  a  rocket  motor  is  off-loaded,  and  a 
ground  attachment  remains  until  the  motor  leaves  the  Center.  Grounding  is 
providing  a  conducting  path  from  the  item  in  question  to  ground  potential. 
Bonding  is  Interconnecting  Items  so  they  are  all  at  the  same  potential. 

Relaxation  time  is  the  time  required  for  the  ger.erated/accumulated  charge  to 
dissipate  to  its  surroundings.  No  material  is  totally  nonconductive,  the  more 
conductive  the  dielectric,  the  more  rapid  the  dissipation  of  charge. 

Humidification  enhances  the  conductivity  of  materials  that  have  accumulated  a 
static  charge  and  can  be  accomplished  simply  by  Increasing  the  humidity  of  the 
work  environment.  However,  humidification  control  is  not  possible  for  outdoor 
operation  at  extremely  low  temperatures  or  indoors  when  motors  are  being 
temperature-conditioned  at  low  temperatures.  Control  of  the  humidity  is  not 
completely  effective,  it  does  not  work  for  all  materials  because  even  in  humid 
air,  some  plastics  remain  static-laden. 

Ionization  of  the  atmosphere  surrounding  and  in  contact  with  a  charged  mate'ial 
provides  a  conducting  path  for  the  charge  to  leak  to  ground.  Ionization  may  be 
accomplisned  by  placing  a  high  voltage  close  to  the  material;  however,  the 
hazards  associated  with  this  technique  make  it  impractical  for  use  around 
explosives.  Ionization  can  also  be  accomplished  by  the  use  of  radioactive  alpha 
particles.  Another  method  of  ionization  is  by  induction.  Induction  may  be 
accomplished  by  placing  grounded  combs,  bristles  and/or  tinsel  bars  near  the 
static-laden  material. 
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The  fifth  major  method  of  control  is  to  increase  the  electrical  conductivity  of 
the  connecting  surfaces.  This  can  be  done  with  a  topical  antistat  which  is  a 
chemical  formulation  possessing  seme  degree  of  conductivity  to  bleed  the  static 
charge.  Numerous  sprays  are  available  commercially;  however,  their  period  of 
activity  is  limited  and  they  must  be  considered  temporary. 

Of  the  five  methods  presented  for  controlling  static  electricity  associated  with 
solid-propellant  rocket  motors,  the  increase  of  electrical  conductivity  is  the 
bast  method;  however,  many  times  it  is  not  a  practical  solution  based  on  design 
constraints.  The  most  practical  and  best  technique  is  to  adhere  to  tne  first 

two  methods  of  control  (bonding  and  grounding  and  relaxation  time). 

MISHAPS 

To  ignite  bulk  propellant  by  ESD,  two  conditons  must  exist  (Ref.  2).  First,  the 
electric  field  in  the  propellant  must  be  high  enough  to  cause  an  electrical 

breakdown  of  the  propellant.  Second,  there  must  be  sufficient  energy  stored  in 
the  propellant  to  cause  ignition  once  the  electrical  breakdown  in  the  propellant 
occurs.  Ignition  may  also  be  caused  by  an  ESD  from  igniter  case  to  the  grounded 
leads  through  the  igniter  explosive  charge.  In  summary,  ESD  ignites  explosives 
by  an  electrical  discharge  through  the  propellant  to  ground  resulting  in  the 
explosive  material  igniting  during  the  energy  dissipation. 

Within  The  Department  of  Defense  (DoD)  and  general  industry,  several  explosives 
mishaps  have  occurred  which  w ere  attributed  to  ESD.  One  of  the  earlier 

incidents  involved  the  accidental  ignition  of  the  X-248  -ocket  motor  used  on  the 
Delta  launch  vehicle  (P.ef.  3).  In  this  instance,  a  plastic  cover  was  removed 
from  the  motor  during  preparation  procedures,  resulting  in  an  electrostatic 

discharge  thru  the  -gniter  assembly  and  subsequent  ignition  of  the  rocket  motor, 
killing  three  people  and  causing  extensive  damage.  A  more  recent  accident 
involving  ESD  occurred  in  West  Germany  in  January  1985  when  an  operational 
rocket  motor  ignited  during  handling  operations,  killing  three  U.S.  soldiers  and 
injuring  several  others  (hef.  4).  Investigation  revealed  that  the  propellant 
was  ignited  by  an  |lec£rostatic  discharge  between  the  propellant  grain  and  tne 
rocket  motor  KevlarK  case. 


AEDC  EXPERIENCE 

The  recent  receipt  of  several  small  retro-rackets  at  AEDC  illustrates  the  need 
for  regulations  concerning  electrostatic-producing  packaging  material.  Twenty 
of  the  retro-rockets  (fiberglass  C3ses  filled  with  solid  propellant)  arrived  at 
AEDC  in  both  wooden  and  metal  containers.  These  motors  had  been  in  storage  for 
20  years  at  Vandenberg  AF3,  CA.  The  shipping  containers  for  the  motors  complied 
with  Department  of  Transportation  (DOT)  regulations  and  were  properly  marked  for 
interstate  shipment.  When  the  motors  arrived,  eight  of  the  20  were  chosen  for 
testing.  The  remaining  motors  were  returned  to  storage. 

During  the  inspection,  AEDC  standard  procedure'  we^e  followed  while  removing  the 
motors  from  the  shipping  containers.  Electro static  voltage  was  monitored  using 
a  static  meter.  The  physical  characteristics  and  the  el ectrostatic  measurements 
obtained  for  each  motor  are  shown  in  Table  1. 
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Five  of  the  23  motors  had  been  packed  in  wooden  boxes  with  conductive  bags  and 
corrugated  packing  paper.  During  the  unpacking  and  removal  of  these  motors,  the 
conductive  bag  was  grounded  and  an  electrostatic  voltage  was  measurable  (50 
volts)  on  only  one  of  the  five  motors  .  The  remaining  motors  were  packed  in 
metal  cans  and  contained  in  "form-fitting"  foam-rubber  protective  cushions  (Fig. 
4). 

The  electrostatic  voltages  on  these  motors  were  significantly  higher,  ranging 
from  50  to  25,000  volts  (Table  1).  With  the  motors  packed  in  this 
configuration,  it  was  impossible  to  bleed  the  static  charge  to  an  acceptable 
level;  therefore,  the  foam  was  separated  from  the  motor  over  a  period  of  hours 
to  prevent  a  possible  massive  electrostatic  discharge.  This  method  took 
advantage  of  relaxation  time  to  control  charge  generation. 

Not  only  is  static-producing  packaging  material  found  in  the  shipment  of  small 
explosives,  but  it  is  prevalent  in  large  rocket  motor  shipping  containers.  A 
large  solid-propellant  rocket  motor,  tested  at  the  AEDC  originally  consisted 
of  a  bare  Kevlar  case  filled  with  solid  propellant.  Static  potentials  as  high 
as  4500  volts  were  measured  at  AEDC  when  the  bare  Kevlar  case  was  separated  from 
the  chocks  on  the  mounting  fixture  during  motor  weighing  operations  (Table  2). 
The  motor  was  separated  from  the  mounting  fixture  six  times  (three  to  flex  a 
load  cell  and  three  to  obtain  weight  measurements). 

The  Ballistic  Missile  Office  (BM0),  through  the  "Propulsion  Electro-Static 
Discharge  Working  Group"  (PESDWG),  sponsored  an  intensive  effort  and  determined 
that  the  Kevlar  cased  SRM's  were  potentially  susceptible  to  ESD  ignition  (Ref. 
2).  The  PESDWG  .hen  recommended  that  Kevlar  case  rocket  motors  be  coated  with  a 
conductive  paint  and  relaxation  time  be  incorporated  in  AEDC  handling 
procedures.  This  corrective  action  resulted  in  no  observable  static  potential 
during  handling  operations  of  the  large  SRM  at  AEDC  and  the  effective  control  of 
an  electrostatic  hazard  (Table  2).  These  are  just  a  few  examples  of  AEDC 
experience.  Explosive  initiators  continue  to  be  received  in  styrofoam  and  other 
static-producing  packaging  material. 


STATIC  MATERIAL  TESTING 

Research  has  been  conducted  on  materials,  and  techniques  have  been  developed  to 
test  material  susceptibility  to  static  buildup.  A  study  conducted  by  NASA  is 
representative  of  such  research  (Ref.  5).  NASA,  at  the  JFK  Space  Center, 
performed  nine  physical  and  chemical  tests  on  59  thin  plastic  films  .  One  of 
the  nine  tests  was  "electrostatic  testing".  Two  distinct  electrostatic 

properties  of  a  material  were  evaluated.  The  first  test  was  the  material's 

capability  to  develop  a  charge.  This  is  shown  by  the  peak  triboel ectric  voltage 
generated.  The  second  property  evaluated  was  the  material’s  ability  to 
discharge  the  accumulated  surface  charge  to  ground.  Data  were  obtained  for  both 
30-  and  45-percent  relative  humidity.  The  NASA  electrostatic  acceptance 

criteria  {pass/fail )  (Table  3)  were  determined  by  the  decay  of  the  generated 

voltage  to  a  given  level  (350  volts)  in  a  fixed  period  of  time  (five  seconds). 
The  peak  value  of  the  generated  voltage  was  not  evaluated.  Only  the  achievement 
of  the  required  final  value  of  350  volts  in  five  seconds  constituted  acceptance. 
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The  test  method  used  in  this  study  is'  a  conservative  approach;  however,  the 
study  presents  a  listing  of  acceptable  materials  that  are  available  for  use  with 
explosive  items. 


SUMMARY 

Currently,  there  is  no  guidance  or  directive  concerning  the  use  of  static- 
producing  packaging  materials  with  explosive  items.  Military  Standard  1686  and 
Military  Handbook  263  which  discuss  electrostatic  discharge  control  for 
protection  of  electrical  and  electronic  parts,  assemblies  and  equipment 
(excluding  electrically  initiated  explosive  devices),  specifically  excludes 
EED's  and  explosive  devices,  leaving  the  manufacturer  and  distributors  to 
determine  proper  packaging  of  these  items.  The  technology  and  information  to 
determine  packaging  material  susceptibility  to  ESD  are  available.  Materials 

used  to  package  explosive  items  should  minimize  triboelectric  and  frictional 
charging  and  be  slightly  conductive  to  permit  a  safe  slow  distribution  of 
generated  charge.  Use  of  these  guidelines  will  virtually  eliminate  the 
possibility  of  ESD  in  explosive  packaging  material.  Inquiries  were  made  within 
the  DoD  community  to  determine  if  any  specifications,  regulations,  policies, 
handbooks  and/or  standards  exist  for  ESD  packaging  materials.  No  specific 

references  other  than  the  NASA  study  (Ref.  5)  have  been  found.  Information  on 
suitable  packaging  material  can  be  found  in  the  literature;  however,  an 

extensive  search  and  interpretation  of  results  to  determine  use  for  explosive 
packaging  is  required. 

The  phenomenon  of  ESD  is  well  known  and  the  hazards  are  well  documented. 
However,  the  explosives  industry,  the  Department  of  Transportation,  and  other 

agencies  regulating  explosives  shipments  do  not  specify  or  regulate  the 
materials  which  are  used  as  packing  materials  for  explosives  shipments. 

Industry  and  government  agencies  must  develop  standards  or  directives  concerning 
the  packaging  material  to  be  used  with  explosives  devices  to  help  prevent 
further  damage  and  personal  injury. 
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TABU  I.  S unary  of  Retro  Rocket  Inspection  Reports 
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ABSTRACT 

The  Mk  11  Mod  0  Blasting  Cap  and  the  HK  20  Squib  passed  MIL  STD  1335B 
testing  and  are  HERO  safe.  The  electroaagnetlc  protection  is  provided  by  one 
HN-67  ferrite  choke  that  is  nonconductlve,  has  a  high  curie  teaperature,  and 
provides  lover  frequency  attenuation  than  previous  ferrites.  The  electrostatic 
protection  is  provided  by  a  conductive  eylar  tape  that  dissipates  both  pin-to- 
pin  and  pin-to-case  electrostatic  changes.  The  cccbination  protection  fits 
inside  the  standard  netal  case  and  is  iightveight,  non-resonant,  broad-banded, 
and  lov  cost  (  $. 15/unit). 

This  nev  protection  approach  is  availalbe  to  be  adapted  to  aany  currently 
unprotected  EEDs.  The  only  aodlflcations  required  are  to  lengthen  the  case  (to 
accoasodate  the  choke)  and  to  safely  dissipate  the  heat  generated  when  the  RF 
energy  is  attenuated.  All  other  ESD  characteristics  reaaln  unchanged. 

The  HK  11  Mod  0  provides  an  opportunity  to  buy  allltary  blasting  caps  at  a 
lover  unit  cost  than  current  unprotected  caps.  This  can  be  accoapllrhed  by 
producing  MK  11  Mod  0  on  high  speed  blasting  cap  aachinss  (instead  of  handline 
production)  and  combining  buys  for  aore  efficient  production  runs. 

The  desingn  concept  is  available  to  anyone  working  on  DoD  projects. 

US  Patent  4,378,738  covers  all  applications.  Assistance  and  consultation  is 
available  £zoa  the  authors. 


1.  Introduction 

The  safety  hazards  associated  vlth  inadvertant  firing  of  electrcexplosive 
devices  such  as  electric  blasting  caps,  squibs  and  cartridges  by  stray  electro¬ 
aagnetlc  or  electrostatic  are  veil  knovn.  The  uncertainties  associated  with 
the  levels  of  the  energies  in  the  field  environsents  have  lead  to  tvo  types  of 
solutions.  The  first  vas  administrative  procedures  to  lisifc  the  hazard  levels, 
but  this  resulted  in  rather  severe  restrictions  on  use  and  greatly  Halted  the 
user's  flexibilty.  The  second  vas  to  formulate  MIL  STDs  defining  the  worst 
expected  environaent  and  requiring  all  nev  designs  to  Beet  these  requireaents. 
The  subject  of  this  paper  13  a  nev  technology  combination  that  aeet  the 
rsquire*ents  of  MIL  STD  13858,  provides  electrostatic  protection,  and  provides 
greatly  ioptoved  safety  protection.  If  fully  iaplesented,  it  could  provide  the 
isproved  protection  foe  aany  ordnance  lteas  at  a  lover  unit  cost. 
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2. 


At  last  there  are  nev  electric  blasting  caps  and  squibs  that  have  slmultan 
ious  protection  against  both  stray  electromagnetic  and  electrostatic  energy. 

The  Mk  11  Mod  0  Blasting  Cap  and  the  Hk  20  Mod  0  Squib  have  successfully  past 
MIL  STD  1385B  testing  at  NSWC  Dahlgen  and  have  been  recorded  as  H£RO  Safe 
ordnance  items.  The  Mk  11  Mod  0  Blasting  Cap  has  the  same  explosive  output  and 
output  diameter  as  the  currently  unprotected  M6  Blasting  Cap.  The  length  vas 
lncreased  from  2.35  to  3.15  inches  to  allow  inclusion  of  the  choke  assembly. 

The  Mk  20  Mod  0  Squib  was  developed  to  ignite  the  Explosive  Ordnance  Disposal 
(EOD)  Jet  Perforater  Tool.  It  also  has  the  capability  to  ignite  thermite 
grenades,  diesel  fuel  (without  using  wicking  material  required  by  other 
squibs),  atmospheric  pressure  Ignition  of  scrap  propellant,  and  can  be  used 
with  adapters  to  ignite  exsisting  ordnance  devices. 

The  electromagnetic  protection  is  provided  by  a  single  KM  67  Ferrite  Choke 
that  fits  inside  the  blasting  cap's  metal  casing.  The  choke  provides  broadband 
protection  from  broadcast  (below  1  megaHertz)  through  radar  (35  glga-  Hertz) 
frequencies  without  any  resonances.  The  r£  energy  is  attenuated  by  the  choke 
and  converted  to  heat.  The  heat  is  transferred  to  the  metal  case  where  it  is 
safely  dissipated.  The  choke  design  dissipates  the  same  energy  level  as  five 
ferrite  beads,  and  the  MM  67  ferrite  attenuates  at  lover  frequecies  than 
previous  formulations.  These  two  factors  combined  to  make  a  practical  design 
where  previous  attempts  had  failed.  The  choke  was  fabricated  with  two 
orientation  flats  so  automated  equipment  could  be  used  to  assemble  the  ordnance 
devices.  NAVSEA  Draving  5206533  describes  the  design  in  detail. 

The  electrostatic  protection  is  provided  by  a  mylar  tape  with  a  special 
metal  film  that  becomes  conductive  above  600  volts.  This  tape  dissipates  both 
pln-to-case  and  pin-to-pln  stray  electrostatic  energy  without  significantly 
affecting  the  DC  firing  pulse  energy.  The  Mk  11  Mod  0  Blasting  Cap  vas 
successfully  tested  at  Franklin  Institute  and  Hercules  Port  Evan,  Hew  York  up 
to  60,000  electrostatic  volts  without  failure.  The  tape  is  also  designed  so  it 
can  be  used  on  high  speed  automated  production  lines.  MAVSSA  Draving  5206529 
describes  the  design  in  detail. 

The  combination  of  the  wire-wound  ferrite  choke  and  static  resistant  tape 
should  cost  between  $0.10  and  0.15  per  combination  unit  in  high  volume 
production. 
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The  Mk  11  Mod  0  Blasting  Cap  and  the  Mk  20  Hod  0  Squib  are  Approved  for 
Service  Use  and  have  coordinated  design  disclosure  packages.  The  important 
characteristics  of  the  designs  are  as  follows: 

Nomenclature:  MXll  Mod  0  Cap,  Blasting,  Electric 

HERO  Safe  Crdnance  qualified  to  MIL  STD  13858 

Electrostatically  Protected  to  60K  electrostatic  volts 

Top  Draving  Number:  NAVSEA  5206524 

Weapon  Specification:  WS  21886 

NSN:  1385-01-145-1345 

NALC  Number:  ML83 


Nomenclature:  Mk29  Mod  0  Squib,  Electric 

KERO  Safe  Ordnance  qualified  to  MIL  STD  1335B 

Electrostatically  Protected  to  6GK  electrostatic  volts 

Top  Draving  Number:  NAVSEA  5761601 

Weapon  Specification:  WS  21888 

NSN:  1377-01-145-1347 

NALC  Number:  MG  52 


4.  Standardization  and  Production  Considerations 

The  Mk  11  Mod  0  Blasting  Cap  and  the  Mk  20  Med  0  Squib  share  many  of  the 
same  components  to  keep  production  and  qualification  costs  lov.  The  Mk  11 
Mod  0  cap  is  being  proposed  as  safer  replacement  for  the  currently  unprotected 
Mo  Blasting  Cap.  If  the  Mk  11  Mod  0  is  produced  in  quantity  on  high  speed  auto 
mated  production  lines,  it  vill  be  possible  to  produce  a  much  safer  cap  at  a 
lover  unit  co3t.  Costs  as  low  as  approximately  $2.50  per  cap  may  be  possible 
if  they  are  bought  in  lots  over  one  million  units  and  produced  on  commercial 
market  high  speed  blasting  cap  lines. 


The  proposed  standardization  plan  is  as  follows: 

a.  Standardize  on  the  MX11  Mod  0  Blasting  Cap  because  o£  its 
increased  safety. 

b.  Reaove  the  currently  unprotected  H6  from  the  inventory  once 
current  supplies  are  exhausted. 

c.  Coabine  requirements  for  current  users  and  deaonstrate  increased 
safety  to  potential  nev  users  to  get  a  lot  size  to  approximately 
one  million  or  larger. 

d.  Conduct  coapetltive  procurement  vith  the  following  options  to 
obtain  lowest  unit  price: 

(1)  Multiyear  or  guaranteed  total  nuaber  buys. 

(2)  Standardize  on  the  Mk20  Hod  0  Squib  to  get  even  larger 
lot  sizes  and  lover  costs. 

(3)  Automate  choke  winding. 

(4)  Investigate  alternate  packaging,  bundle  wrap,  or  other 

aajor  cost  savings  design  change. 

(5)  Offering  design  to  the  civilian  aarket  to  get  larger 
lot  sizes  and  lover  costs. 


5.  Mfiy.lechn-slQT/.App.lliatloiia. 

The  nev  technology  applications  can.be  split  into  three  categories.  The 
first  is  the  use  the  coablnation  cf  the  ferrite  choke  and  tape  in  other 
currently  unprotected  devices.  As  an  exaaple,  the  coablnation -will  fit  inside 
the  Hk  1  Hod  0  Squib  which  currently  vithout  electronagnetic  or  electrostatic 
protection.  The  same  approach  could  be  attempted  for  the  Hk  1  Hod  0  Squib  as 
vas  done  on  the  Hk  li  Hod  0  Cap: 


a.  Lengthen  the  case  to  accoaodate  existing  choke,  tape,  and  standoff. 

b.  Determine  compatibility  of  the  nev  design  with  existing  commercial 
high  speed  blasting  cap  production  line. 

c.  Qualify  vith  a  minimum  of  verification  testing  since  nearly  identical 
designs  have  already  been  qualified. 

d.  Perfcra  a  compatibility  check  to  determine  if  incompatibilities  exist 
and  if  adapters  are  required. 

e.  Produce  pilot  lot  and  qualify  as  required. 


The  retrofit  program  could  continue  as  long  as  candidates  are  identified  and 
funding  made  available  for  each  nev  task. 

The  second  category  would  be  to  use  the  existing  technologies  without  the 
constraints  of  the  existing  design's  distensions.  An  exaaple  of  this  is  the  new 
EOD  Firing  Line  Filter  which  was  recently  purchased.  The  design  Is  detailed  on 
NAVSBA  Drawing  5206430  and  the  NSN  is  1383  01-214-5397.  The  filter  was 
recently  tested  to  MIL  STD  1385B  and  is  part  of  the  package  required  to  aake 
the  HK  209  Mod  0  Electric  Cartridge  HERO  safe.  Changing  the  dimensions  of  the 
ferrite  choke  did  not  adversely  effect  its  perforaance. 

The  third  category  would  be  to  aake  all  new  designs  of  electroexplosive 
devices  use  these  technolog lea  unless  a  lover  cost  alternative  could  be 
demonstrated.  Standardization  of  the  technologies  required  could  he  documented 
relatively  easily  now  that  the  development  is  over.  The  current  design  has  a 
significant  safety  factor  so  it  should  be  a  practical  standardization  candidate 
and  applicable  for  the  foreseeable  future. 

The  design  Concept  is  available  to  anyone  working  on  DoD  projects. 

US  Patent  4,378,738  covers  all  applications  contained  in  this  paper. 

Assistance  and  consultation  is  available  froa  the  authors. 


6.2jiraUEZ 

A  new  low  cost  design  has  been  successfully  demonstrated  on  the  Mk  11 
Mod  0  Blasting  Cap  and  the  Mk  20  Mod  0  Squib.  Both  designs  have  passed  MIL  STD 
1385B  and  are  clas3lfed  as  HERO  Safe  Ordnance.  With  DoD  wide  standardization 
to  get  the  lot  size  large  enough,  the  Mkll  Mod  0  Blasting  Cap  will  cost  less 
and  will  provide  greater  protection  than  the  currently  unprotected  M6  Blasting 
Cap.  In  high  voluae  production,  the  wire-wound  MN  67  Choke  and  Static  Tape 
cculd  cost  between  $0.10  and  0.15  per  combination  unit.  The  combined 
technologies  have  application  to  direct  substitution  in  currently%unp;otected 
electroexplosive  devices  (EEDs),  to  incorporation  in  devices  that  will  require 
changing  the  dimensions  of  the  ferrite  choke,  and  should  become  a  standard  and 
required  in  nev  design  EEDs. 
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CONTROL  OF  TRIBOELECTR1C 
PHENOMENON  ON  PAM-0 I I 
A.L.  VAUSHER 
C.H.  WHITHEYER 
E.A.  WEBSTER 

BACKGROUND 

A  catastrophic  failure,  Inadvertent  solid  propellant  Ignition,  occurred 
during  erection  operations  of  a  Pershing  II  first  stage  in  January  1985  at 
Hellborn,  West  Germany1.  Because  of  the  nature  of  the  failure,  it  became 
apparent  early  on  that  the  most  likely  cause  was  the  presence  of  a 
nonconductlve  material  (Kevlar  motor  case)  that  allowed  the  buildup  of 
electrostatic  charges.  The  exact  failure  mode,  however,  was  questionable. 

A  massive  effort  by  government  agencies  and  Industry  attacked  every  aspect 
of  the  accident  to  determine  the  most  likely  failure  mode,  so  that  corrective 
actions  could  be  Implemented  quickly.  The  Investigation  showed  that  the 
problem  was  most  likely  related  to  an  electrostatic  charge  buildup,  referred 
to  as  a  trlboelectr 1c  phenomenon,  on  the  Kevlar  motor  case.  Furthermore, 
details  of  the  Incident  seemed  to  indicate  that  low  temperature,  lew  humidity, 
and  motor  handling  contributed  to  the  triboelectrlc  charging. 

At  the  time  of  the  Pershing  accident,  the  PAM-DII  qualification  program 
had  been  completed  and  the  first  vehicle  was  due  to  be  shipped  to  Cape 
Canaveral  within  6  months.  Thus,  very  little  time  remained  to  solve  what  was 
felt  to  be  an  extremely  critical  risk  management  Issue  concerning  the  safety 
of  solid  rocket  motors.  PAM-DII  would  be  the  first  upper  stage  with  a  Kevlar 
motor  case  to  be  launched  ov  the  Shuttle  following  the  Pershing  accident. 

The  aerospace  industry  has  long  been  aware  of  the  hazards  associated  with 
the  electrostatic  sensitivity  of  the  motor  ignition  train.  Accepted  design 
practices  for  protecting  the  ignition  system  from  electrostatic  discharge 
(ESD)  has  centered  around  ircnrporal ing  bonding,  grounding,  and  shielding 
techniques,  as  well  as  procedure  controls  to  prevent  the  buildup  of 
electrostatic  charges  on  the  motor  components.  Based  on  the  information  at 
hand,  it  was  believed  that  similar  techniques  should  be  expanded  to  mitigate 


the  problem  of  electrostatic  charge  buildup  on  a  nonconductive  motor  case. 

This  was  tempered  by  the  fact  that  the  exact  Pershing  failure  mode  was  not 
known  at  the  time.  Therefore,  in  developing  a  corrective  action  plan,  all 
items,  even  those  thought  to  be  only  remotely  related,  were  thoroughly 
examined  for  completeness,  safety,  and  practicality  of  the  design. 

DISCUSSION 

Realizing  the  criticality  and  urgency  of  the  problem,  the  PAM-DII  design 
office  formed  an  action  group  consisting  of  (1)  a  staff  scientist  to  advise  on 
the  physics  of  triboelectrlc  charging;  (2)  a  manufacturing  engineer  to  assure 
produclbillty;  (3)  a  propulsion  engineer  to  provide  basic  propellant 
fonnulation  and  motor  construction  advice  as  well  as  serving  as  an  Interface 
with  the  motor  manufacturer;  (4)  an  electronics  engineer  for  bonding, 
grounding,  and  EHI/EMC  concerns;  (5)  a  safety  engineer  familiar  with  NASA/USAF 
ground  operations  and  flight  system  safety  requirements-;  (6)  a  structures 
designer;  and  (7)  a  project  chief  engineer. 

The  action  group  was  responsible  for  adding  all  necessary  protection  to 
avoid  a  recurrence  of  the  Pershing  problem,  as  it  was  understood  at  the  time, 
and  re-examine  existing  features  designed  to  abate  related  hazards.  The 
latter  was  done  to  ensure  the  integrity  of  the  design  and  the  validity  of  a 
continuous  conductive  pathway  to  bleed  off  electrostatic  charges.  Practical 
steps  that  evolved  from  the  action  group  recommendations  were: 

1.  Ensure  continuous  electrical  bonding,  grounding,  and  shielding  of  the 
PAM-DII  system  flight  hardware  (Figure  1)  consisting  of  the  expendable  vehicle 
(EV)  and  the  airborne  support  equipment  (ASE).  HIL-B-5087,  Class  S  electrical 
bonding  requirements  were  emphasized  and  followed  thoroughly.  Redundant 
grounding  provisions  for  the  attachment  of  facility  grounding  cables  directly 
to  the  motor  case  were  implemented. 

2.  Provide  positive  electrostatic  bleed-off  for  the  motor  case.  After 
reviewing  the  physics  of  triboelectric  charging,  MDAC  proceeded  with 
engineering  to  protect  the  Kevlar  motor  case  from  ine  buildup  of  electric 
charges.  It  was  decided  that  the  best  method  would  be  to  electrically  bond 
the  motor  components  together  and  cover  the  motor  with  a  conductive  material, 
creating  a  Faraday  shield.  Redundant  grounding  strips  and  aluminum  foil  tape 
were  installed,  as  depicted  in  Figure  2. 
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3.  Resolve  possible  ESD  concerns  related  to  other  features  of  the  motor 
design.  The  stress  relief  flap  In  the  aft  end  of  the  motor  (Figure  3)  was 
also  suspected  of  being  susceptible  to  electrostatic  charging.  The  face  of 
the  flap  toward  the  motor  case  Is  Teflon  and  the  matching  surface  is  a 
rubber-like  material.  The  concern  was  that  if  these  surfaces  made  contact  and 
then  separated  because  of  mechanical  shock  or  vibration,  a  trlboelectrlc 
charge  could  build  up  and  produce  an  ESO.  This  was  not  thought  to  have  a 
significant  effect  unless  small  propellant  chips  or  particles  were  present  in 
the  gap  between  the  flap  and  the  motor  case.  The  prisence  of  these  chips  Is 
possible  after  the  propellant  Is  machined  to  cut  back  unwanted  propellant  and 
contour  the  grain  cavity  for  the  desired  burning  surfaces.  To  prevent  the 
propellant  chips  from  entering  the  gap,  the  gap  was  blocked  with  conducting 
tape  and  filled  with  conductive  plastic  foam  (Figure  3). 

4.  Review  ground  handling  equipment  designs  (slings,  lifting  beams, 
hoists,  handling  fixtures,  etc.)  for  proper  and  redundant  bonding  and 
grounding  provisions. 

5.  Review  motor  shipping  container  grounding  and  Faraday  cage  provisions. 

6.  Review  shipping  and  x-ray  procedures  for  proper  grounding. 

7.  Re-examine  all  motor  assembly  processing  and  handling  procedures, 
especially  prohibiting  motor  handling  If  the  relative  humidity  drops  below  30X. 

8.  Review  facility  designs  (conductive  floors,  grounding  straps, 
lightning  protection.  Isolation,  and  personnel  safety  and  training 
requirements} . 

Because  of  the  Pershing  Incident,  It  was  obvious  that  the  methods  used  to 
secure  against  trlboeiectric  charging  would  be  subject  to  Intense  scrutiny. 

The  choices  for  covering  the  Kevlar  motor  case  included  both  metallic  foils 
and  conductive  coatings.  At  the  time,  there  were  several  concerns  at 
McDonnell  Douglas  in  connection  with  conductive  coatings,  Including: 

(a)  Durability  -  possible  deterioration  over  time. 

(b)  Verification  -  it  could  be  difficult  to  determine  If  a  change  in  the 
conductive  coating  resistance  had  occurred,  and  if  so,  what  was  the 
significance  of  the  change.  Both  these  factors  could  be  Important  because  if 
the  shielding  became  isolated  from  ground,  the  motor  might  become  a  large 
capacitor,  creating  a  more  severe  condUion  than  a  motor  without  shielding. 
Because  of  these  uncertainties,  and  because  a  decision  was  needed  immediately 


to  support  nfj"-tenj)  PAH-DII  launches,  aluminum  foil  was  chosen  to  form  a 
complete  Faraday  cage  around  the  motor.  Such  a  system  was  not  only 
predictably  durable  but  easily  verifiable  with  conventional  ordnance-type 
ohmmeters. 

SUMMARY 

The  approach  to  ESO  control  for  the  PAH-DII  was  to  address  all  viable 
means  by  which  Inadvertent  motor  Ignition  could  occur.  Normal  safety  and 
grounding  features  were  reviewed  In  great  detail  and  enhanced.  6round 
handling,  shipping,  storage,  launch  processing  procedures,  and  equipment  were 
all  included  1r  the  review  and  appropriate  changes  were  Implemented.  The 
principal  feature,  an  aluminum  foil  Faraday  cage  covering  the  Kevlar  motor 
case,  was  chosen  because  of  Its  effectiveness,  durability,  and  simplicity,  and 
because  It  could  be  easily  verified  with  conventional  Instruments.  Successive 
reviews  by  various  agencies  have  confirmed  the  adequacy  of  the  selected 
approach  to  ESD  control. 
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INTRODUCTION 

Electrostatic  discharge  (ESD)  control  grounding  straps  are  a  common  precaution  used  in 
both  the  explosives  industry  and  the  electronics  industry.  These  grounding  straps  ate  used  to 
prevent  the  accumulation  of  static  charge  on  an  operator.  In  the  explosives  industry, 
accumulation  of  a  static  charge  by  an  operator  could  inadvertantly  cauce  initiation  of  a  low 
energy  initiator  while  in  the  electronics  industry  such  static  charges  can  degrade  or  destroy 
static  sensitive  electronic  devices. 

One  feature  common  to  grounding  straps  used  in  these  two  fields  is  a  current  limiting 
resistor.  This  resistor  is  used  to  assure  that  an  operator  would  not  be  electrocuted  if  he  /she 
were  to  come  into  contact  with  a  high  current  source  such  as  a  standard  electrical  outlet 
Commonly  acepted  safe  electrical  current  levels  (1  midiamp  to  approximately  4  mifflamp)1 
for  people  suggest  that  minimum  resistor  values  in  grounding  straps  should  be  in  the  range  of 
30K  ohms  to  44 OK  ohms  depending  upon  the  selected  safe  current  level  and  voilage  source 
present  (up  to  440  volts  is  common  in  many  manufacturing  areas). 

The  latest  revision  of  Safety  Manual  AMC  R-385-100  states  that  the  resistance  value  for  an 
operator  handling  low  energy  initiators  should  be  no  greater  than  250K  ohms  when  measured 
from  the  opposite  hand  to  ground.  This  value  is  dearly  less  than  440k  ohms  and  almost 
certainly  reflects  a  legitimate  concern  on  the  part  of  AMC  that  the  standard  must  be 
conservative  enough  to  assure  that  static  voltages  on  operators  could  not  achieve  a  level 
sufficient  to  cause  initiation  of  an  explosive  component.  The  use  of  a  simple  maximum  value  in 
the  standard  however  may  lead  some  people  to  utilize  extremely  low  resistance  value  resistors 
in  their  grounding  straps  and  thus  jeopordize  employee  health  vis-a-vis  common  high  current 
sources  such  as  standard  or  high  voltage  eiectrical  outlets.  The  Contractors  Safety  Manual,  DOD 
4145.26m  takes  a  different  approach  stating  that  resistance  should  be  between  250K  ohms  and 
1  Megchm  when  measured  from  the  opposite  hand  to  ground. 

Research  reported  in  this  paper  was  aimed  at  providing  a  sound  technical  basis  for 
determing  safe  maximum  resistor  values  that  could  be  used  without  allowing  dangerous  static 
charges  to  develop  on  an  operator.  The  research  (see  table  3),  in  fact,  indicates  that  grounding 
resistance  values  substantially  in  excess  of  those  allowed  by  AMC  R-385-100  and  DOD 
4145.26m  will  satisfactorily  limit  operator  static  voltage  levels  for  devices  that  are  energy 
sensitive  as  low  as  10  ergs  (or  even  lower  depending  upon  tho  desired  safety  factor). 

THEORY 


This  paper  develops  a  model  (through  the  utilization  of  designed  experiments)  which 
describes  the  voltage  generation  process  for  a  grounded  operator.  Utilization  of  the  designed 
experiment  results  as  well  as  work  by  the  authors  and  other  researchers2  on  the  maximum 
voltage  generation  rates  that  can  be  produced  by  ungrounded  operators,  permitted  development 
of  an  equation  ihat  computes  the  maximum  voltage  that  an  operator  can  develop  for  a  given 
grounding  resistance. 


Designed  Experiment  methodoloov 


Design  of  Experiments  is  a  body  of  knowtedqe  which  relies  heaviy  upon  statistical  analysis 
techniques  and  is  used  to  improve  the  knowledge  that  can  be  gained  from  an  experiment.  This 
methodology  has  been  used  successfully  for  many  years  in  many  fields  of  work  and  has  the 
significant  advantage  of  minimizing  the  number  of  tests  needed  to  perform  an  effective 
experiment.  In  simple  terms,  designed  experiments  differ  from  the  mare  traditional  "one 
variable  at  a  time’  experimental  methodology  because  more  than  one  independent  parameter  is 
varied  at  a  time  to  determine  the  effect  on  the  response  of  interest  The  way  in  which  these 
parameters  are  simultaneously  varied  is  dependent  upon  the  part iater design  that  Is  used.  All 
designs  however  possess  the  characteristic  that  it  is  mathematlcafly  possible  to  determine  the 
effects  of  individual  parameters  on  the  response  as  well  as  to  determine  the  Interactions 
between  parameters  and  tho  effects  of  those  interactions  upon  the  response.  Interactions  cannot 
be  determined  using  the  ’one  variable  at  a  time'  technique. 

This  study  utilizes  both  a  Box  Behnken  design  and  Central  Composite  design  to  analyze  tho 
response  (voltage  on  an  operator )  as  a  function  of  the  independent  parameters  of  operator 
activity  level,  operator  capacitance,  environmental  relative  humidity,  and  grounding  resistance 
value.  Detailed  information  on  the  designed  experiment  methodology  is  available  in  a  number  of 
resource  documents.3'4'5.6 


Voltaoe  generation  bv  the  capacitive,  shift  process 

The  capacitive  shift  process  is  used  in  this  paper  as  the  most  severe  method  currently 
recognized  for  rapidly  generating  voltages  on  an  operator  performing  normal  work  activities. 

The  voltage  generation  rates  that  have  been  found  for  the  process  are.  in  this  paper,  applied  to 
the  general  findings  of  the  designed  experiments  to  develop  an  appropriate  model  for  worst  case 
voltage  generation  by  a  grounded  operator.  For  that  application  to  make  sense,  it  13  necessary  to 
evaluate  conditions  associated  with  the  capacitive  shift  process.  That  evaluation  is  hereafter 
performed  using  a  simple  capacitor  analogy  for  an  operator  In  order  to  simplify  understanding 
of  the  process. 

First,  since  the  capacitive  shift  process  involves  a  voltage  increase  (from  VI  to  V2)  in  concert 
with  a  lowering  of  operator  capacitance  from  Cl  to  C2,  It  is  dear  that  the  energy  stored  on  the 
operator  by  that  process  would  not  be  as  high  as  for  someone  whose  capacitance  remained  fixed 
at  the  high  initial  level  of  Cl  while  being  charged  from  VI  to  V2  as  a  result  of  triboelectric 
charging.  The  ratio  of  energy  deltas  (final  energy  -  initial  energy)  for  foe  two  processes  would 
in  fact  vary  from  case  to  case  depending  upon  the  initial  and  final  voltages  of  the  operator.  That 
situation  can  be  expressed  by  the  simple  expressions  listed  below; 

E?  Ei  (cap)  .5  C2V22  -  .5C1 V^  V1 

EQ1.  -  “ -  "  - 

E2-Ei(tribo)  .SC^ -.50^  2  V1+V2 


Strictly  speaking  therefore,  any  general  application  of  capacitive  shift  process  voltage  change 
rates  to  a  model  derived  from  triboelectric  charging  data  (i.e.  the  designed  experiments 
performed  in  this  study)  should  consider  the  energy  effects.  PracticaBy  speaking  however,  it 
should  be  clear  that  the  high  voltage  generation  rates  In  the  capacitive  shift  process  when 
applied  to  the  triboeiectricaliy  derived  model  produces  conservative  results  with  a  safety  factor 
which  is  tiie  inverse  of  the  ratio  observed  in  equation  1.  For  large  differences  in  VI  and  V2  tne 
safety  factor  would  be  very  large  while  for  small  differences  the  safety  factor  would  be  small. 
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Second,  since  relative  humidity  is  shown  in  the  triboelcctric  Box  Behnken  experiment  to  be  of 
little  importance  over  the  grounding  resistance  values  used  In  this  study,  it  is  important  to  also 
understand  how  relative  humidity  might  effect  the  capacitive  shift  process.  If  we  again  consider 
an  operator  to  be  represented  as  a  simple  parallel  plate  capacitor,  it  is  possible  to  theoretically 
examine  the  factors  which  influence  voltage.  Equation  2  below  indicates  that  voltage  is  a  function 
of  charge  (Q),  plate  area  (A),  plate  separation  (Dif  and  the  permittivity  of  the  dielectric  (c). 

EQ2.  V-DQ/Ae 

Differentiation  of  that  equation  with  respect  to  time  to  represent  what  occurs  when  an  operator 
moves  yields  equation  3  (which  reasonably  assumes  that  Q  and  A  may  be  treated  as  constants): 

EQ  3.  dV/dt  -  (Q/Ae)(dD/di)  -  (D/e2)(de/dt) 

Both  of  the  differential  terms  on  the  right  side  of  rite  equation  are  clearly  dependent  upon  the 
speed  of  movement  and  not  dependent  upon  relative  humidity.  The  one  term  which  could  have  a 
dependence  upon  relative  humidity  is  the  permittivity  of  the  dielectric  (s).  In  the  situation  we 
examine  in  this  paper,  that  dielectric  is  in  effect  primarily  composed  of  air,  and  shoe  sole 
material.  The  combined  effective  permittivity  of  those  materials  is  in  fact  essentially 
independent  of  relative  humidity  based  upon  test  subject  capacitance  measurements  performed 
during  the  experiments.  This  finding  indicates  that  the  lack  of  humidity  dependence  for  the 
mode)  derived  through  triboelectric  generation  data  is  consistent  with  the  behavior  of  the 
capacitive  shift  process. 

EXPERIMENT 


Prior  to  the  performance  of  this  experiment,  work  performed  by  3M  corporation  suggested  that 
voltage  generation  by  the  capacitive  shift  process  produced  voltage  levels  on  operators  mere 
rapidly  than  any  other  available  mechanism.  In  order  to  confirm  their  conclusions  with  regard 
to  voltage  generation,  an  experiment  was  performed  in  which  the  voltage  on  three  different  test 
subjects  with  effective  capacitances  of  67, 1 55,  and  2S4  pf  was  monitored  while  the  subjects 
generated  voltage  through  triboelectric  charging.  The  accumulated  voltage  was  monitored  on  a 
chart  recorder  with  the  subjects  not  grounded,  grounded  through  200  megohm,  grounded 
through  20  megohm,  and  grounded  through  1  megohm.  These  tests  were  performed  at  three 
different  relative  humidity  levels  (1%,  35%,  and  61%). 

Determination  of  voltage  on  the  test  subjects  was  performed  by  electrically  connecting  the 
subjects  to  a  conductive  plate  which  was  monitored  by  a  Monroe  model  175  electrostatic 
voltmeter.  The  voltage  monitoring  plate  was  electrically  connected  by  a  wrist  strap  (no 
protective  resistor  employed)  to  the  subjects’  right  wrist.  Tne  grounding  wrist  strap  used  in 
the  experiment  was  connected  to  the  subjects  left  wrist  to  assure  that  charge  dissipation  could 
occur  only  by  current  flow  through  the  subject.  Figure  1  (which  provides  a  pictorial  view  of 
the  test  arrangement  used  for  the  two  designed  experiments  that  will  be  described  later)  is  very 
similar  to  the  test  arrangment  used  in  this  portion  of  the  study.  For  this  portion  of  the  study  ihe 
Van  De  Graaff  connection  to  the  subject  was  broken.The  subject  held  a  rubbing  plate  in  the  left 
hand  and  a  rubbing  doth  in  the  right  hand.  This  arrangement  was  found  to  produce  greater 
voltages  than  observed  by  simply  setting  the  rubbing  plate  on  the  table  and  rubbing  with  the 
right  hand. 
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FiGURE  1 

(TEST  SYSTEM  DIAGRAM) 


A  number  of  different  materials  were  used  in  this  test.  Rubbing  plates  of  t9fton,  glass, 
aluminum,  and  polycarbonate  were  used.  The  rubbing  cloth  materials  were  cotton, 
polypropylene,  conductive  carpet,  polyester,  silk,  nyion.and  bare  handThese  items  were 
selected  to  provide  a  large  number  of  combinations  representing  materials  at  opposite  ends  of 
the  triboelectric  series  and  were  rubbed  very  vigorously  to  create  the  highest  possible  static 
potential. 

The  second  porton  of  the  study  was  a  modeling  effort  utilizing  designed  experiments  to 
analytically  determine  the  effects  of  relative  humidity,  operator  capacitance,  operator  activity 
level,  and  grounding  resistance  on  operator  voltage.  These  tests  were  performed  using  a  modified 
commercial  Van  De  Graaff  generator  to  simulate  operator  activity  level.  Major  modifications  to 
the  generator  included  replacement  of  the  original  belt  motor  with  a  0  to  5000  rpm,  1/15  hp 
ac/tlc  motor;  addition  of  a  calibrated  autotransformer;  addition  of  a  voltage  regulation  shunt  of 
about  4C00  megohm.';;  and  selection  of  a  special  belt,  belt  treatment  and  pulley  materials.  These 
modifications  made  it  possible  to  control  the  voltage  generation  rate  to  within  less  than  2%  of 
the  desired  value.  Photographs  of  the  Van  De  Graaff  generator  are  shown  in  figure  2. 


The  two  experimental  designs  used  in  this  study  were  a  modified  three  leva!,  four  variable  Box 
Behnken  design  and  a  five  level,  two  variable  Central  Composite  design.  As  noted  earlier,  the 
experimental  set-up  for  these  tests  is  shown  in  figure  1 .  The  Box  Behnken  design  was  utilized 
to  determine  which  factors  had  significant  influence  on  operator  voltage  while  the  Central 
Composite  design  was  used  to  more  precisely  quantify  the  influence  of  the  significant 
parameters. 

Variable  levels  for  the  Box  Behnken  design  were: 

1 .  grounding  resistance  -  200  megohm,  1 0  megohm,  0.602  megohm 

2.  generator  belt  speed  -  23.9, 21 .7,  and  1 8.4  inches/sec. 

3.  relative  humidity  -  44%,  15%,  2% 

4.  test  subject  capacitance  -  294, 1 55,  and  67  picofarad 
Variable  levels  for  the  Central  Composite  design  were: 

1.  grounding  resistance  -  200  megohms,  171  megohm,  100.5  megohm,  30  megohm,  and 
0.602  megohm 

2.  generator  belt  speed  -  23.9, 23.3, 21.7, 19.5,  and  18.4  inches/sec 
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FIGURE  2 

{VAN  DE  GRAAFF  GENERATOR) 


TEST  RESULTS  AND  DISCUSSION 


Triboelectrlc  charging  tests 

Some  typical  results  from  the  triboelectric  charging  experiment  are  shown  below  in  table  1 . 
These  results  are  typical  ot  data  when  the  charging  plate  was  teflon  ( teflon  produced  the  highest 
observed  voltages). 


TABLE  1 

(TRIBOELECTRIC  CHARGING  DATA) 

RUBBING  GROUNDING  I  VOLTAGE  I 

MATERIAL  RESISTANCE  1%  RH  35%  RH  61%  RH 


cottcn 

CPS'! 

410 

580 

60 

200  MEG 

210 

260 

40 

20  MEG 

30 

120 

30 

1  MEG 

0 

0 

0 

POLYESTER 

CPBJ 

460 

580 

60 

200  MEG 

210 

340 

30 

20  MEG 

20 

120 

10 

1  MEG 

0 

0 

0 

WOOL 

GP01 

440 

520 

90 

200  MEG 

240 

470 

30 

20  MEG 

40 

90 

10 

1  MEG 

0 

0 

0 

A  simplified  typical  waveform  for  this  data  is  shown  in  figure  3 .  Examination  of  the  waveform 
clearly  indicates  that  it  consists  of  two  components.  The  first  and  major  component  is  a  cyclic 
charging  pattern  which  exhibited  a  frequency  identical  to  the  rubbing  frequency  associated  with 
the  charging  materials.  This  bipolar  pattern  is  believed  to  be  the  resul  of  induction  charging 
caused  by  movement  of  the  operators  hand  over  the  highly  charged  (» 10k  volts)  teflon 
rubbing  plate.  The  second  and  much  smaller  component  was  a  unipolar  voltage  shift  caused  by 
the  transfer  of  charge  front  the  ruboing  material  to  the  body  of  the  Jest  subject.  The 
triboelectric  generation  tests  exnibited  a  maximum  voltage  generation  rate  of  3600  volts/sec. 


FIGURE  3 

(TRIBOELECTRiC  CHARGING  WAVEFORM) 


Time  - — ► 


Examination  of  table  1  indicates  that  voltage  on  the  operator  decreases  as  expected  as  the 
grounding  resistor  value  decreases.  In  addition,  as  suggested  by  this  abbreviated  tab’s,  no 
voltage  was  ever  observed  on  a  operator  grounded  through  1  megohm  cf  resistance  for  any  of  the 
test  plate  /rubbing  material  combinations  examined.  Two  characteristics  of  table  1  at  first 
examination  may  appear  in  error  if  examined  simpiisticalty .  These  characteristics  are  the  lack 
of  a  definite  progression  of  voltage  amplitude  in  concert  with  the  trfooelectric  charging  series 
and  changing  relative  humidity.  We  believe  these  progressions  do  not  exist  due  to  1)  the 
dominance  of  the  inductive  component  of  the  charging  waveform,  2)  the  existance  of 
uncontrollable  variables  associated  with  this  process  (l.e.  rubing  speed/pressure,  etc.),  3)  the 
fact  that  the  reported  voltages  exist  on  the  test  subject  and  not  the  materials  (i.e.  charge 
transfer  plays  a  dominant  role),  and  4)  increasing  relative  humidity  should  increase  human  and 
insulator  conductivity  characteristics  while  decreasing  triboelectric  charging  propensity. 


These  tests  were  primarily  useful  in  determining  general  characteristics  associated  with  the 
triboelectric  charging  process.  They  are  of  limited  value  for  modeling  purposes  however  due  to 
uncontrollable  parameters  which  have  previously  been  described.  Our  major  use  of  these 
findings  in  the  study  was,  in  fact,  to  simply  compare  She  results  to  previously  available  data 
associated  with  the  capacitive  shift  process.  That  comparison  indicates  that  the  maximun  voltage 
shift  rate  of  5000  volts/sec  which  has  been  obvserved  with  the  capacitive  shift  process 
represents  the  most  severe  charging  senario  currently  known.  Secondly,  the  triboelectric 
charging  senario  we  examined  represents  an  extreme  situation  which  should  never  be  seen  in  an 
ESD  controlled  environment  uni&e  the  capacitive  shift  situation  which  is  very  much  a  "real 
world"  situation. 


Designed  Experiments 


Modeling  of  operator  voltage  generation  was  accomplished  through  the  use  of  two  designed 
experiments.  The  first  experiment  which  was  a  three  level,  four  variable  modified  Eox  Lehnken 
design  demonstrated  that,  for  the  range  of  values  examined,  human  activity  ievel  (i.e.  Van  De 
Graaff  speed)  and  grounding  resistance  value  are  the  primary  controlling  factors  for  human 
voltage  level.  Relative  humidity  also  begins  to  become  important  at  the  upper  end  of  the 
resistance  range  for  significant  activity  levels,  but  the  effect  is  still  relatively  small  for  the 
range  of  values  we  examined.  Data  from  this  experiment  is  fisted  in  table  2. 

TABLE  2 

(VARIABLE  EFFECTS  -  BOX  BEHNKEN  DESIGN) 
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Multipla  regression  analysis  of  the  data  listed  in  table  2  produced  a  predictive  model  for 
operator  voltage  as  a  function  of  the  examined  factors,  fhs!  model  had  a  confidence  factor  of 
93.87%.  in  otder  to  provide  an  even  better  model  ct  the  facie,  s  which  were  initially 
determined  to  be  significant,  a  second  designed  experiment  was  performed.  This  experiment 
which  was  a  five  level,  two  variable  Central  Composite  design  produced  a  model  with  a  99.99% 
confidence  factor.  The  predictive  equation  developed  from  that  experiment  (which  relates 
activity  level  and  grounding  resistor  value  to  operator  voltage)  is  listed  as  equation  4.  It  shoukJ 
be  noted  that  equation  4  is  similar,  but  not  identical  to,  the  equation  that  can  be  developed  from 
the  modified  B">x  Sehnken  experiment.  The  differences  are  primarily  a  result  of  the  fact  that 
different  generator  belts  (with  somewhat  different  triboelectric  charging  characteristics)  were 
used  in  the  two  experiments.  Nearly  identical  results  are  obtained  from  the  two  models  for  a 
given  resistance  value  when  generator  speeds  which  produce  the  same  charging  characteristics 
are  chosen. 
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EQ  4.  volis  -  234.7  +  85.924  (spd)  +  1 65.089  (res)  +  64.25  (spd)(res)  - 1 .551 
(spd)(spd) 

NOTE:  spd  -  autotransforrner  dial  set  of  Van  De  Graaff  generator 
res  -  resistance  to  ground  for  test  subject 

for  equation  4  to  yield  the  correct  answer,  both  spee.1  and  resistance  must  be 
transformed  linearly  to  the  scales  shown  below: 

resistance  transform 
29.7925  meg  -1 
100501  meg  0 
170.809  meg  +1 

In  order  for  these  findings  to  ba  useful  In  determining  a  reasonable  upper  limit  for  grounding 
resistors  it  is  necessary  to  relate  Van  De  Graaff  output  characteristics  to  dial  speed.  That 
relationship  is  provided  in  figure  4.  Secondly  it  is  necessary  to  determine  the  Van  Da  Graaff 
level  which  simulates  expected  worst-case  behavior  for  an  operator.  As  noted  earlier,  the  3M 
study  wnich  found  typical  maximum  voltage  generation  rates  of  5000  vc!ts/sec  for  different 
test  subjecis  currently  provides  the  best  information  available  on  worst-case  voltage 
generation  by  an  operator.  Substituting  into  equation  4  the  dial  speed  transform  (+.2633)  for  a 
5000  volt/ssc  voltage  generation  rate  snd  the  voltage  value  that  can  be  permitted  on  an  operator 
makes  it  possible  to  calculate  a  reasonable  upper  limit  to  the  grounding  resistor  value.  An  exact 
solution  for  resistance  can  be  determined  by  using  the  quadratic  equation.  Alternatively,  since 
the  coefficient  of  the  R-squared  term  is  very  small,  that  term  could  be  dropped  and  the  equation 
solved  as  a  simple  linear  function.  Determination  of  the  appropriate  operator  voltage  level  is 
based  upon  a  simple  calculation  horn  a  known  energy  sensitivity  for  the  explosive  device  to  be 
handied.  That  calculation  is  based  upon  equation  5  and  assumes  a  human  body  capacitance  (C)  of 
500  picofarad. 

EG  5.  E  (joules)  -  0.5  CV2 

FIGURE  4 

(DIAL  SETTING  VS.  VOLTAGE  RISE  TIME) 
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Operator  voltages  predicted  on  the  basis  c*  equation  4  ars  shown  in  figure  5  along  with  actual 
values  seen  lor  grounded  test  subjects  in  ihe  3M  stud;-.  These  curves  siicw  that  the  designed 
experiments  provide  more  conservative  resistance  values.  This  difference  is  believed  to  be  a 
direct  consequence  of  the  different  time  scutes  over  which  the  Van  Dq  Graafr  ar.d  capacitive  shift 
process  can  produce  voltage  changes  on  <he  order  of  5000  volts/sec.  Equation  4  can  be 
normalised  to  predict  results  equivalent  to  the  capacitive  shift  data  by  multiplying  the  right 
side  of  the  equation  by  .29  to  yield  equation  6  (notes  which  apjtfy  to  equation  4  also  apply  to 
equation  6). 

EG  6.  Volts  -  68.083  +  24.91 8  (spd)  +  47.S76  (ros)  + 1 8.633  (spd)(rss)  -  0.45 
(res)(res) 


RGURE 5 

(PREDICTED  VS.  OBSERVED  VOLTAGE) 
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gjtHtrKflnj  mis tare*  (  nsjohms) 


Table  3  provides  an  example  of  explosive  detonation  energy  versus  allowed  grounding  resistar.ce 
value  for  an  operator.  The  allowed  resistance  values  are  shown  for  four  different  safety  factors. 
These  safety  factors  ara  solely  based  upon  the  specified  fractional  reduction  in  the  energy  factor 
column  and  do  not  include  previously  described  indeterminate  factors  which  increase  the  safety 
margin  or  the  potentially  significant  energy  losses  which  can  occur  when  energy  is  transferred 
from  an  operator  to  a  bevies. 


TABLE  3 

{INITIATION  ENERGY  VS.  ALLOWED  RESISTANCE) 

ENB=5GY  RESISTANCE  (MEGOHMS)  FOR  SPECIFIED  SAFETY  FACTOR 

FACTOR 


(ERGS) 

1  T0 1 

1  TO  2 
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1  TO  10 

10 

64.8 

60.7 

38.0 

27.3 

50 

188.9 

134.1 

84.8 

60.7 

100 

>200 

138.9 

1195 

84.8 

200 

>200 

>200 

188.9 

134.1 

Stat8d  another  way,  an  Ml  00  point  to  case  metal  bridgewira  detonator  with  a  static  energy 
sensitivity  of  2S3  ergs  is,  from  an  energy  point  of  view,  protected  si  a  level  more  than 
450,000  times  what  is  required  when  total  grounding  resistance  is  1.25  megohm.  This 
determination  was  made  using  normalized  equation  number  5  (resistance  transform  of  -1 .4048 
and  speed  transform  of  +.2639)  which  predicts  that  at  a  5000  voits/sec.  charging  rate  and  at 
1 .25  megohm  total  grounding  resistance  the  voitago  developeo  on  an  operator  would  be  roughly 
.47  volts.  Comparing  the  energy  stored  at  that  voltage  on  an  500  picofarad  operator  with  the 
263  erg  sensitivity  level  of  the  detonator  yields  the  heretofore  listed  safety  factor. 

CONCLUSIONS 

1)  A  5000  volts/sec.  rise  time,  as  observed  for  the  capacitive  shift  process,  currently 
represents  the  worst-case  voltage  generation  senario  for  an  operator. 

2)  Operator  activity  and  grounding  resistance  value  are  the  two  major  factors  which  effect 
operator  voltage  levels.  Relative  humidity  and  operator  capacitance  play  no  significant  role  at 
grounding  resistance  values  below  200  megohms  (for  a  5000  volts/sea  charging  rate). 

3)  Grounding  resistance  values  considerably  in  excess  of  those  permitted  by  AMC  R-385-100 
and  DOD  4145.26m  should  safely  limit  electrostatic  voltages  on  operating  personnel  (Ref.  table 
3). 
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3.  Resolve  possible  ESO  concerns  related  to  other  features  of  the  motor 
design.  The  stress  relief  flap  In  the  aft  end  of  the  motor  (Figure  3)  was 
also  suspected  of  being  susceptible  to  electrostatic  charging.  The  face  of 
the  flap  toward  the  motor  case  Is  Teflon  and  the  matching  surface  is  a 
rubber-like  material.  The  concern  was  that  If  these  surfaces  made  contact  and 
then  separated  because  of  mechanical  shock  or  vibration,  a  triboelectric 
charge  could  build  up  and  produce  an  ESO.  This  was  not  thought  to  have  a 
significant  effect  unless  small  propellant  chips  or  particles  were  present  In 
the  gap  between  the  flap  and  the  motor  case.  The  presence  of  these  chips  Is 
possible  after  the  propellant  is  machined  to  cut  back  unwanted  propellant  and 
contour  the  grain  cavity  for  the  desired  burning  surfaces.  To  prevent  the 
propellant  chips  from  entering  the  gap,  the  gap  was  blocked  with  conducting 
tape  and  filled  with  conductive  plastic  foam  (Figure  3). 

4.  Review  ground  handling  equipment  designs  (slings,  lifting  beams, 
hoists,  handling  fixtures,  etc.)  for  proper  end  redundant  bonding  and 
grounding  provisions. 

5.  Review  motor  shipping  container  grounding  and  Faraday  cage  provisions. 

6.  Review  shipping  and  x-ray  procedures  for  proper  grounding. 

7.  Re-examine  all  motor  assembly  processing  and  handling  procedures, 
especially  prohibiting  motor  handling  If  the  relative  humidity  drops  below  3W. 

8.  Review  facility  designs  (conductive  floors,  grounding  straps, 
lightning  protection.  Isolation,  and  personnel  safety  and  training 
requirements) . 

Because  of  the  Pershing  incident,  it  was  cbvious  that  the  methods  used  to 
secure  against  triboelectrii  charging  would  be  subject  to  Intense  scrutiny. 

The  choices  for  covering  the  Kevlar  motor  case  included  both  metallic  foils 
and  conductive  coatlnqs.  At  the  time,  there  were  several  concerns  at 
McDonnell  Douglas  In  connection  with  conduct  Wu  coatings,  including: 

(a)  Durability  -  possible  detoriorat ion  over  ti'et. 

(b)  Verification  -  it  could  be  difficVt  to  dpta-mine  if  a  change  in  the 
conductive  coating  ’■esistance  had  occurred,  ann  if  so,  what  was  the 
significance  of  the  charge.  Doth  these  .'actors  could  be  important  because  If 
the  shielding  becane  isolated  from  ground,  the  »tor  might  become  a  large 
capacitor,  creating  a  more  severe  condition  than  a  motor  without  shielding. 
Because  of  these  uncertainties,  ant  because  a  decision  was  reeded  immediately 


to  support  near-term  PAM-OII  launches,  aluminum  foil  was  chosen  to  form  a 
complete  Faraday  cage  around  the  motor.  Such  a  system  was  not  only 
predictably  durable  but  easily  verifiable  with  conventional  ordnance-type 
ohmmeters. 

SUMMARY 

The  approach  to  £SD  control  for  the  PAM-OII  was  to  address  all  viable 
means  by  which  Inadvertent  motor  Ignition  could  occur.  Normal  safety  and 
grounding  features  were  reviewed  In  great  detail  and  enhanced.  Ground 
handling,  shipping,  storage,  launch  processing  procedures,  and  equipment  were 
all  included  in  the  review  and  appropriate  changes  were  Implemented.  The 
principal  feature,  an  aluminum  foil  Faraday  cage  covering  the  Kevlar  motor 
case,  was  chosen  because  of  Its  effectiveness,  durability,  and  simplicity,  and 
because  It  could  be  easily  verified  with  conventional  Instruments.  Successive 
reviews  by  various  agencies  have  confirmed  the  adequacy  of  the  selected 
approach  to  ESD  control. 
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INTRODUCTION 

Electrostatic  discharge  (ESD)  control  grounding  straps  are  a  common  precaution  used  in 
both  the  explosives  industry  and  the  electronics  industry.  These  grounding  straps  at  a  used  to 
prevent  the  accumulation  of  static  charge  on  an  operator.  In  the  explosives  industry, 
accumulation  of  a  static  charge  by  an  operator  could  inadvertantly  cause  Initiation  of  a  low 
energy  initiator  while  in  the  electronics  industry  such  static  charges  can  degrade  or  destroy 
static  sensitive  electronic  devices. 

One  feature  common  to  grounding  straps  used  in  these  two  Reids  is  a  current  limiting 
resistor.  This  resistor  is  used  to  assure  that  an  operator  would  not  be  electrocuted  if  he  /she 
were  to  come  Into  contact  with  a  high  current  source  such  as  a  standard  electrical  outlet. 

Commc  '.ty  acepted  safe  electrical  current  levels  (1  miliiamp  to  approximately  4  mllllamp)1 
fcr  people  suggest  that  minimum  resistor  values  in  grounding  straps  should  be  in  the  range  of 
3GK  ohms  to  443K  ohms  depending  upon  the  selected  safe  current  level  and  voltage  source 
present  (cp  to  440  volts  is  common  in  many  manufacturing  areas). 

The  latest  revision  of  Safety  Manual  AMC  R-385-100  states  that  the  resistance  value  for  an 
operator  handling  low  energy  initiators  should  be  no  greater  than  250K  ohms  when  measured 
from  the  opposite  hand  to  ground.  This  value  is  dearly  (ess  than  440k  ohms  and  almost 
certainly  reflects  a  legitimate  concern  on  the  part  of  AMC  that  the  standard  mus*  be 
conservative  enough  to  assure  that  static  voltages  on  operators  could  not  achieve  a  level 
sufficient  to  cause  Initiation  of  an  explosive  component.  The  use  of  a  simple  maximum  value  In 
the  standard  however  may  lead  some  people  to  utilize  extremely  low  resistance  value  resistors 
in  toeir  grounding  straps  and  thus  jeopr-rdize  employee  health  vis-a-vis  common  high  current 
sources  such  as  standard  or  high  voltage  electrical  outlets.  The  Contractors  Safety  Manual,  DOD 
4f 45.26m  takes  a  different  approach  stating  that  resistance  should  be  between  250K  ohms  and 
1  Megohm  when  measured  from  the  opposite  hand  to  ground. 

Research  reported  in  this  paper  was  aimed  at  providing  a  sound  technical  basis  for 
detemiing  Si.**  naxlmum  resistor  values  that  could  be  used  without  allowing  dangerous  static 
charges  to  develop  on  an  operator.  The  research  (see  table  3),  in  fact.  Indicates  that  grounding 
resistance  values  substantially  in  excess  of  those  allowed  by  AMC  R-3S5-100  and  DOD 
4145.26m  will  satisfactorily  limit  operator  static  voltage  levels  tor  devices  that  are  energy 
sensitive  as  low  as  10  eryr.  (or  even  tower  depending  upon  the  desired  safety  factor). 

THEORY 


This  paper  develops  a  model  (through  the  utilization  of  designed  experiments)  which 
describes  the  voltage  generation  process  for  a  grounded  operator.  Utilization  of  the  deigned 
experiment  results  as  '.veil  as  work  by  the  authors  and  other  researchers2  on  the  maximum 
voltage  generation  retro  that  car.  be  produced  by  ungrounded  operators,  permitted  development 
of  an  equation  that  computes  the  maximum  voltage  that  an  operator  can  develop  for  a  given 
grout  .di.ig  reliance. 


Dflsicned  Experiment  methodology 


Design  of  Experiments  is  a  body  of  knowledge  which  relies  heavily  upon  statistical  analysis 
techniques  ard  is  used  to  improve  the  knowledge  that  can  be  gained  from  an  experiment.  This 
methodology  has  been  used  successfully  for  many  years  in  many  fields  of  wak  and  has  the 
significant  advantage  o?  minimizing  the  number  of  tests  needed  to  perform  an  effective 
experiment.  In  simple  terms,  des  igned  experiments  differ  from  the  more  traditional  'one 
variable  at  a  time*  experimental  maihcdctjcy  because  more  than  one  independent  parameter  is 
varied  at  a  time  to  determine  tha  effect  on  the  response  of  interest  The  way  in  which  these 
parameter;  are  simultaneously  varied  is  dependent  upon  the  particular  design  Shat  Is  used.  All 
designs  however  possess  the  eftaractoristto  that  ft  is  mathematically  possible  to  determine  the 
effects  of  individual  parameters  on  fna  response  as  wet?  as  to  determine  the  interactions 
between  parameters  and  the  effects  of  those  interactions  upon  She  response.  Interactions  cannot 
be  determined  using  the  'one  variable  at  a  time’  technique. 

This  study  utilizes  both  a  Box  Behnken  design  and  Central  Composite  design  to  analyze  the 
response  (voltage  on  an  operator )  ss  a  function  of  tire  independent  parameters  of  operator 
activity  level,  operator  caoadtance,  environmental  relative  humkSiy,  and  grounding  resistance 
value.  Detailed  information  on  the  designed  experiment  methodology  is  avaJabie  in  a  number  of 
resource  documents.3-4’5*8 
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The  capacitive  shift  process  is  used  to  this  paper  as  the  most  severe  mefhed  currently 
racognfz ed  for  rapidly  generating  voltages  on  an  operator  performing  normal  w<rk  activities. 

The  voltage  generation  rates  that  have  been  found  for  the  process  are.  In  this  paper,  applied  to 
the  general  findings  of  tho  designed  experiments  to  develop  an  appropriate  model  for  worst  case 
voltage  generation  by  a  grounded  operator.  For  that  application  to  make  sense,  it  is  necessary  to 
evaluate  conditions  associated  with  the  capacitive  shift  process.  That  avaluafion  Is  hereafter 
performed  using  a  simple  capacitor  analogy  for  an  operator  in  order  to  simpfly  understanding 
of  tho  process. 


First,  since  the  capacitive  shift  process  Involves  a  voltage  increase  (from  VI  to  V2)  in  concert 
with  a  lowering  of  operator  capacitance  from  Cl  to  C2,  it  is  dear  that  the  energy  stored  on  the 
operator  by  that  process  would  not  be  as  high  as  for  someone  whose  capacitance  remained  fixed 
at  the  high  initial  level  of  C I  white  being  charged  from  Vt  to  V2  as  a  result  of  trfooelectric 
charging.  The  ratio  of  energy  detta3  (final  energy  -  initial  energy)  for  the  two  processss  would 
in  fact  vary  from  case  to  case  depending  upon  the  initiai  and  final  voltages  of  the  operator.  That 
situation  can  be  expressed  by  the  simple  expressions  fisted  below: 

.5C2V22..5C1V12  Vi 


■5C1V22-.5C1V12  V1+V2 


EjfEi(cap) 

EQ1.  - 

Ej>-Ei(tribo) 


StribUy  speaking  therefore,  any  general  application  of  capacitive  shift  process  voltage  chango 
raf83  to  a  model  derived  from  triboetectric  charging  data  (l.e  foe  designed  experiments 
performed  in  this  study)  should  consider  the  energy  effects.  Practically  speaking  however,  it 
should  bo  clear  that  the  high  voltage  generation  rates  in  tha  capacitive  shift  process  when 
applied  to  the  triboofoctricdly  derived  model  produces  conservative  results  with  a  safety  factor 
which  j<?  fo/j  inverse  o'  foe  rafto  observed  in  equa’ion  1.  For  large  differences  in  VI  and  V2  the 
safety  factor  »w>uid  bo  very  large  white  tor  small  differences  the  safety  factor  would  be  small. 


Second,  since  relative  humidity  is  shown  in  the  triboetectric  Box  Behnken  experiment  to  be  or 
Bttle  importance  over  the  grounding  resistance  values  used  in  this  study,  it  is  important  to  also 
understand  how  relative  humidity  might  effect  the  capacitive  shift  process,  if  we  again  consider 
an  operator  to  be  represented  as  a  simple  parallel  plate  capacitor,  it  is  possible  to  theoretically 
examine  the  factors  which  influence  voitage.  Equation  2  below  indicates  that  voifage  is  a  function 
of  charge  (Q),  plate  area  (A),  plate  separation  (0),  and  the  permittivity  of  the  dielectric  (e). 

EQ2.  V-DQ/Ae 

Differentiation  of  that  equation  with  respect  to  time  to  represent  what  occurs  when  an  operator 
moves  yields  equation  3  (which  reasonably  assumes  that  Q  and  A  may  be  treated  as  constants): 

EQ3.  dV/dt  -  (CJ/Ae)(dD/dt)  -  (Dfe2)(de/dt) 

Both  of  the  differential  terms  on  the  right  side  of  the  equation  are  clearly  dependent  upon  the 
speed  of  movement  and  not  dependent  upon  relative  humidity.  The  one  term  which  could  have  a 
dependence  upon  relative  humidity  is  the  permittivity  of  the  dielectric  (e).  In  the  situation  we 
examine  in  this  paper,  that  dielectric  is  in  effect  primarily  composed  of  air,  and  shoe  sole 
material.  The  combined  effective  permittivity  of  those  matar'-als  is  in  fact  essentially 
independent  of  relative  humidity  based  upon  test  subject  capacitance  measurements  performed 
during  the  experiments.  This  finding  indicates  that  the  lack  of  humidity  dependence  for  the 
model  derived  through  triboelectric  generation  data  is  consistent  with  the  behavior  of  the 
capacitive  shift  process. 

EXPERIMENT 


Prior  to  the  performance  of  this  experiment,  work  performed  by  3M  corporation  suggested  that 
voitage  generation  by  the  capacitive  shift  process  produced  voitage  levels  on  operators  more 
rapidly  than  any  other  available  mechanism.  In  erder  to  confirm  their  conclusions  with  regard 
to  voitage  generation,  an  experiment  was  performed  in  which  the  voltage  on  three  different  test 
subjects  with  effective  capacitances  of  67, 155,  and  2t#4p  was  monitored  while  the  subjects 
generated  voltage  through  triboeiectrc  charging.  The  accumulated  voitage  was  monitored  on  a 
chart  recorder  with  the  subjects  not  grounded,  grounded  through  200  megohm,  grounded 
through  20  megohm,  and  grounded  through  i  megohm.  These  tests  were  performed  at  three 
different  relative  humidity  levels  (1%,  35%,  and  61%). 

Determination  of  voltage  on  the  test  subjects  was  performed  by  electrically  connecting  the 
subjects  to  a  conductive  plate  which  was  monitored  by  a  Monroe  model  1 75  electrostatic 
voltmeter.  The  voltage  monitoring  plate  was  electrically  connected  by  a  wrist  strap  (no 
protective  resistor  employed)  to  toe  subjects'  right  wrist.  The  grounding  wrist  strap  used  in 
the  experiment  was  connected  to  the  subjects  left  wrist  to  assure  that  charge  dissipation  couid 
occur  only  by  current  flow  through  toe  subject  Figure  1  (which  provides  a  pictorial  view  of 
the  test  arrangement  used  for  toe  two  designed  experiments  that  will  be  described  later)  is  very 
similar  to  toe  test  arrangment  used  in  this  portion  of  the  study.  For  this  portion  of  toe  study  the 
Van  De  Great?  connection  to  the  subject  was  broken.  Ti^s  subject  held  a  rubbing  plate  in  toe  left 
hand  and  a  rubbing  doth  in  the  right  hand.  This  arrangeme.it  was  found  to  produce  greater 
voltages  than  observed  by  simply  setting  the  rubbing  plate  on  the  table  and  rubbing  with  the 
right  hand. 
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FIGURE  1 

(TEST  SYSTEM  DIAGRAM) 


A  number  of  different  materials  were  used  in  this  test.  Pubbing  piates  of  teflon,  glass, 
aluminum,  and  polycarbonate  wore  used.  The  rubbing  cloth  materials  were  cotton, 
polyprooytene,  conductive  carpet,  polyester,  silk,  nylon, and  bare  hand.These  items  were 
selected  to  provide  a  large  number  of  combinations  representing  materials  at  opposite  ends  cf 
the  triboelectric  series  and  were  rubbed  very  vigorously  to  create  the  highest  possible  static 
potential. 

The  second  portion  of  the  study  was  a  modeling  effort  utilizing  designed  experiments  to 
analytically  determine  the  effects  of  relative  humidity,  operator  capacitance,  operator  activity 
level,  and  grounding  resistance  on  operator  voltage.  These  tests  were  performed  using  a  modified 
commercial  Van  De  Graaff  generator  to  simulate  operator  activity  level.  Major  modifications  to 
the  generator  included  replacement  of  Ihe  original  belt  motor  with  a  0  to  5000  rpm,  1/15  hp 
ac/dc  motor;  addition  of  a  calibrated  autotransformer;  addition  of  a  voltage  regulation  shunt  of 
about  4000  megohms;  and  selection  of  a  special  belt,  belt  treatment  and  pulley  materials.  These 
modifications  made  it  possible  to  control  th9  voltage  generation  rate  to  within  less  than  2%  of 
the  desired  value.  Photographs  of  the  Van  Do  Graaff  generator  are  shown  in  figure  2. 
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FIGURE  2 

(VAN  DE  GRAAFF  GENERATOR) 


The  two  experimental  designs  used  in  this  study  were  a  modified  three  level,  four  variable  Box 
Behnken  design  and  a  five  level,  two  variable  Central  Composite  design.  As  noted  earlier,  the 
experimental  set-up  for  these  tests  is  shown  in  figure  1 .  The  Box  Behnken  design  was  utilized 
to  determine  which  factors  had  significant  influence  on  operator  voltage  while  the  Central 
Composite  design  was  used  to  more  precisely  quantify  the  influence  of  the  significant 
parameters. 

Variable  levels  for  the  Box  Behnken  design  were: 

1.  grounding  resiste-'-e  -  200  megohm,  10  megohm,  0.602  megohm 

2.  generator  belt  speed  -  23.9, 21 .7,  and  18.4  inches/sec. 

3.  relative  humidity  -  44%,  15%,  2% 

4.  test  subject  capacitance  -  294, 1 55,  and  67  picofarad 
Variable  levels  for  the  Central  Composite  design  were: 

1.  grounding  resistance  -  200  megohms,  171  megohm,  100.5  megohm,  30  megohm,  and 
0.602  megohm 

2.  generator  belt  speed  *  23.9, 23.3, 21 .7, 19.5,  and  18.4  inches/sec 
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TEST  RESULTS  AND  DISCUSSION 


Some  typical  results  from  the  trfoceiectric  charging  experiment  are  shown  below  in  table  1 . 
These  results  are  typical  of  data  when  the  charging  plate  was  teflon  ( teflon  produced  the  highest 
observed  voltages). 


TABLE  1 


(TRIBOELECTRIC  CHARGING  DATA) 

RUBBING 

GROUNHNG 

1  VOLTAGE  1 

MATERIAL 

RESISTANCE 

1%  RH 

35%  RH 

61%  RH 

OPEN 

410 

580 

60 

200  MEG 

210 

260 

40 

20  MEG 

30 

120 

30 

1  MEG 

0 

0 

0 

POLYESTER 

GP0J 

460 

580 

60 

200  MEG 

210 

340 

30 

20  MEG 

120 

10 

A  simplified  typical  waveform  for  this  data  is  shown  in  figure  3 .  Examination  of  the  waveform 
dearly  indicates  that  it  oonsists  of  two  components.  The  first  and  maior  component  is  a  cydic 
charging  pattern  which  exhibited  a  frequency  identical  to  the  rubbing  frequency  assodated  with 
the  charging  materials.  This  bipolar  pattern  is  believed  to  be  the  result  of  induction  charging 
caused  by  movement  of  the  operators  hand  over  the  highly  charged  (» 10  k  volts)  teflon 
rubbing  plate.  The  second  and  much  smaller  component  was  a  unipolar  voltage  shift  caused  by 
the  transfer  of  charge  from  the  rubbing  material  to  the  body  of  the  test  subjed.  The 
triboeledric  generation  tests  exhibited  a  maximum  voltage  generation  rate  of  3600  volts/sec. 
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FIGURE  3 

(TRIBOELECTRiC  CHARGING  WAVEFORM) 


Examination  of  table  1  indicates  that  voltage  on  the  operator  decreases  as  expected  as  the 
grouncfing  resistor  value  decreases.  In  addition,  as  suggested  by  this  abbreviated  table,  no 
voltage  was  ever  observed  on  a  operator  grounded  through  1  megohm  of  resistance  for  any  of  the 
test  plate  /rubbing  material  combinations  examined.  Tw>  characteristics  of  table  1  at  first 
examination  may  appear  In  error  if  examined  simpfisticaily .  These  characteristics  are  the  lack 
of  a  definite  progression  of  voltage  amplitude  in  concert  with  the  lriboelectric  charging  series 
and  changing  relative  humkflty.  Wa  believe  these  progressions  do  not  exist  due  to  1)  the 
dominance  of  the  inductive  component  of  the  charging  waveform,  2)  the  existance  of 
uncontrollable  variables  associated  with  this  process  (i.e.  robing  speedfpressure,  etc.),  3)  the 
fact  that  the  reported  voltages  exist  on  the  test  subject  and  not  the  materials  (i.e.  cha.ge 
transfer  plays  a  dominant  roie),  and  4)  increasing  relative  humidity  should  increase  human  and 
insulator  conductivity  characteristics  while  decreasing  trfooelectric  charging  propensity. 


These  tests  were  primarily  useful  in  determining  general  characteristics  associated  with  the 
triboelectric  charging  process.  They  are  of  limited  value  for  modeling  purposes  however  due  to 
uncontrollable  parameters  which  have  previously  been  described.  Our  major  use  of  these 
findings  in  the  study  was,  in  fact,  to  simply  compare  the  results  to  previously  available  data 
associated  with  the  capacitive  shift  process.  That  comparison  indicates  teat  the  maximun  voltage 
shift  rate  of  5000  volts/sec  which  has  been  obvsetved  with  the  capacitive  shift  process 
represents  the  most  severe  charging  senario  currently  known.  Secondly,  the  triboelectric 
charging  senario  we  examined  represents  an  extreme  situation  which  should  never  be  seen  in  an 
ESO  controlled  environment  unike  the  capacitive  shift  situation  which  is  very  much  a  "real 
workf  situation. 
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Designed  Experiments 


Modeling  of  operator  voltage  generation  was  accomplished  through  the  use  of  two  designed 
experiments.  The  first  experiment  which  was  a  three  level,  four  variable  modified  Box  Behnken 
design  demonstrated  that,  for  the  range  of  values  examined,  human  activity  level  (l.e.  Van  De 
Graaff  speed)  and  grounding  resistance  value  are  the  primary  controlling  factors  for  human 
voltage  level.  Relative  humidity  also  begins  to  become  important  at  the  upper  end  of  the 
resistance  range  for  significant  activity  levels,  but  the  effect  Is  still  relatively  small  for  the 
range  of  values  we  examined.  Data  from  this  experiment  Is  listed  in  table  2. 

TABLE  2 

(VARIABLE  EFFECTS  -  BOX  BEHNKEN  DESIGN) 


A.  Lav  ipMd  M  •  Ngft  ipMd  (b|  K*ag«  <Ak*  lot  ha*  M  wtftaM 


RK« 

CAA.* 

HtS.ehew 

VCLTM3* 

w  * 

VffECT 

1* 

199 

902k 

9  1 

mdaM 

m 

It 

199 

300  meg 

161  499 

♦44* 

v* 

It 

•7 

1049  mg 

•  34 

4 

m 

1 

1S9 

1049  meg 

9  29 

♦449 

ym 

It 

m 

1049  mag 

9  29 

♦149 

ym 

■M 

199 

1049  meg 

9  *7 

♦44 

n* 

ibrMedM 

oontMon* 

CAI».P 1 

RES.okme 

VOLTAOS 

m  m 

WflBCT 

174 

97 

1049  mg 

17  19 

-49 

m 

49 

199 

104*  meg 

31  *7 

♦44 

m 

*74 

m 

104*  meg 

17  17 

94 

m 

*74 

199 

*00  meg 

M7  932 

«v19 

Mfl 

*0 

199 

104*  meg 

•  i 

09 

ml 

*74 

199 

«» 

o  t 

ei*M 

Ml 

e.  U*  opdra  (•) 19  hitft  cnmOanm  (W  •**»  Hr  kM 

mnmkmt 


two 

«<*• 

RES.oftme 

VCLTAOt 

M  M 

IMft 

WFBCT 

t 

trj 

1949  meg 

17 

17 

04 

m 

19 

ITJ 

SDQmag 

ff7 

89 

94 

m 

If 

WJ 

902k 

1 

1 

94 

m 

44 

Vi 

1041  meg 

19 

17 

♦49 

m 

19 

it 

1049  meg 

3* 

8 

-4* 

m 

19 

» 

1041  mog 

• 

• 

94 

m 

Liter  metatan 

t»  (*)  ■  Ngfi  «• 

tatenee  (b)  vatege  eft 

•Oitar 

MW 

fUi% 

CAf.pf 

SPEED 

fteivWue 

VCLT*3f 

m  m 

IMW 

MCt 

t 

199 

*74 

0 

332 

!•* 

19 

*7 

r4 

1 

7*7 

♦299 

|M 

19 

294 

*74 

0 

88 

|M 

44 

199 

*74 

t 

387 

♦18 

JM 

IS 

199 

49 

o' 

48 

>*48 

m 

IS 

199 

30 

1 

101 

♦18 

!• 

Multiple  regression  analysis  of  the  data  listed  in  table  2  produced  a  predictive  model  for 
operator  voltage  as  a  function  of  the  examined  factors.  That  model  had  a  confidence  factor  of 
98.87%.  In  order  to  provide  an  even  better  model  of  the  factors  which  were  initially 
determined  to  be  significant,  a  second  designed  experiment  was  performed.  This  experiment 
which  was  a  five  level,  two  variable  Central  Composite  design  produced  a  model  with  a  99.99% 
confidence  factor.  The  predictive  equation  developed  from  that  experiment  (which  relates 
activity  level  and  grounding  resistor  value  to  operator  voltage)  is  fisted  as  equation  4.  It  should 
be  noted  that  aquation  4  Is  similar,  but  not  identical  to,  the  equation  that  can  be  developed  from 
the  modified  Box  Behnken  experiment.  The  differences  are  primarily  a  result  of  the  fact  that 
different  gene-ator  belts  (with  eomewhat  different  triboelectrtc  charging  characteristics)  were 
used  in  the  two  experiments.  Nearly  identical  results  are  obtained  from  the  two  models  for  a 
given  resistance  value  when  generator  speeds  which  produce  the  same  charging  characteristics 
are  chosen. 
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EQ  4.  volts  -  2347  ♦  85.924  (spd)  ♦  165.089  (res)  ♦  6425  (spd)(res)  *  1.551 
(spd)(spd) 

NOTE:  spd  -  autotransfomw  dial  set  of  Van  Da  Graaff  generator 
res  « resistance!  to  ground  tor  test  subject 

for  equation  4  to  yield  the  corraci  answer,  bc-ft  speed  and  resistance  nust  be 
transformed  Snearty  to  the  scales  shown  heluw: 


dial  speed  transform 
32.1959  -1 

37  JS  0 

42.8041  el 


resistance  transform 
29.7925  meg  -1 

100201  meg  0 

170.809  meg  ♦! 


In  order  for  these  foldings  to  be  useful  In  dotennlnlnr;  a  reasonpgle  upper  emit  for  grounding 
rosistors  it  Is  necessary  to  relate  Van  De  Gtaaft  output  characteristics  to  dial  speed.  Thpt 
relationship  is  provided  in  4>ure  4.  Secondly  It  is  fttcessnry  to  determine  toe  Van  De  Graaff 
level  which  Simula!  xi  expected  worst  case  behavior  for  an  operator,  Aa  noted  earlier,  too  3M 
study  which  found  typical  maximum  voltage  csiU''itioo  rates  of  5000  volts'sec  tor  different 
test  subjects  currently  provides  tha  best  toformruien  i.velabfo  on  womt-ccso  voltage 
generation  by  an  operator.  Substituting  into  cqt'etfon  4  ton  die!  speed  transform  (♦.2?'?§)  for  a 
5000  volt/sec  voltage  generation  rate  and  the  voltage  value  hat  can  be  permitted  on  an  operator 
makes  It  possfcl?  to  cafcuhte  a  reasonable  upper  Iknit  to  the  grounding  rotator  value,  An  exact 
solution  for  rests  ance  can  be  determined  by  usfog  the  quadmte  «nur.tion.  AJtemmivef",  stone 
the  coefficient  of  the  R-cr,uared  term  is  very  smaS;  that  form  cot  to  be  cropped  and  too  equation 
solved  as  a  sirrofo  linear  function.  Determination  of  toe  act  opriate  operator  voltage  level  t* 
based  upon  a  simple  calculation  from  a  known  vtiergy  senritMty  tor  toe  extrusive  device  to  be 
handled.  That  calculation  is  based  upon  equation  S  and  tseumes  a  human  body  capacitance  (C)  of 
500  picofarad. 

EOS.  E  (Joules).  02  CV* 

FIGURE  4 

(DIAL  SETTING  VS.  VOLTAuE  RISE  TIME) 
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up&rafor  voltages  predicted  on  the  basis  of  equation  4  are  shown  in  figure  5  along  with  actual 
values  seen  (or  grounded  tost  subjects  fn  the  3M  study,  These  curves  show  that  the  designed 
experiments  provide  more  conson/aiive  resistance  values.  This  difference  is  believed  to  be  a 
direct  consequence  of  the  different  time  ccato3  over  which  the  Van  De  Graaff  and  capacitive  shift 
process  can  produce  voltage  changes  on  the  order  of  5030  vofts/sec.  Equation  4  can  be 
normalized  to  predict  results  equivalent  to  the  capacitive  shift  data  by  multiplying  the  right 

side  of  the  equation  by  .29  to  yield  equation  3  (notes  which  apply  to  equation  4  also  acoiv  to 
equation  6).  ^ 

SO  6.  Volts  «  63.063  ♦  24.313  (spd)  ♦  47.376  (res)  ♦  1 8.833  (spares)  •  0.45 
(rosKres) 

FIGURE  5 

{PREDICTED  VS.  03SERVED  VOLTAGE) 
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Table  3  provides  an  example  o.'  explosive  detonation  energy  versus  aHowod  grounding  resistance 
value  fior  an  operator.  The  allowed  resistance  values  are  shown  for  four  different  safety  factors. 
These  safety  factors  are  solely  based  upon  the  specified  fractional  reduct rn  In  the  energy  factor 
column  and  cfo  not  include  previously  descrfoed  Indeterminate  factors  which  increase  the  safety 
margin  or  fro  potentially  significant  energy  tosses  which  can  occur  when  energy  Is  transferred 
from  an  operator  to  a  device. 

TABLE  3 

(INITIATION  ENERGY  VS.  ALLOWED  RESISTANCE) 

ENEFGT  RESISTANCE  (M6G0HMS)  FOR  SPECIFIED  SAFETY  FACTOR 

FACTOR 


(ERGS) 

1  T01 

1T02 

1  TO  5 

1  T0 10 

10 

84J 

•0.7 

38.0 

27.3 

SO 

1S8.9 

134.1 

04.8 

60.7 

100 

>200 

188.9 

11945 

84.3 

200 

>200 

>200 

188.9 

134.1 

Stated  another  way,  en  Ml 00  point  to  cast  metal  bridgeware  detonator  with  a  static  energy 
iwmsrtMty  of  263  ergs  it,  from  an  energy  point  of  view,  protected  at  a  level  mere  then 
450,000  thnes  whet  is  required  when  total  grounding  resistance  « 1.25  megohm.  Th.s 
dmermtomton  was  made  ustoq  rwmaSxsd  aquatfon  number  6  (resistance  transform  of  -1  4048 
end  spend  transform  of  +.2 $39)  which  presets  that  at  a  5000  voftsfacc.  charging  rate  end  at 
1 .25  megohm  total  gtnuodmg  resistance  the  voltage  devetopod  on  an  operator  would  be  roughly 
.47  vo“s.  Comparing  toe  energy  stored  at  hat  voltage  on  an  500  picofarad  operator  with  toe 
253  erg  sensitivity  level  of  too  dotonaicr  yields  he  heretofore  listed  safety  factor. 

conclusions 

1)  A  5000  vohs/seo.  rise  time,  93  observed  for  the  capeclttve  shift  process,  currently 
represents  the  worst-case  voltage  generation  aonaito  for  an  operator. 

2)  Operator  actMty  and  grounding  resistance  vstoe  are  the  two  major  factors  which  effect 
operator  voftego  Retake  bumJdty  and  operator  capacitance  play  no  significant  role  at 
grounding  resistance  values  wAtrm  200  megohms  (ter  •  5000  volts/sec.  charging  rate). 

3)  Grounding  resistance  values  considerably  In  excess  of  these  permitted  by  A.MC  R-3S3-100 
and  DOD  4145.26m  thouH  safety  fenit  electrostatic  voltages  on  operating  personnel  (Ref.  tabie 
3). 
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ABSTRACT 


The  Klotz-Club  has  been  performing  tests  In  Sweden  to  get  acre  data  In 
particular  on  debris  and  fragments  thrown  from  detonations  In  rock  storages. 
The  test  Installation  Is  described  and  the  test  program  and  some  results  are 
given  In  the  paper. 

INTRODUCTION 

At  the  22nd  DDES3  meeting.  In  Anaheim  California,  1986,  ths  itlotz-Club  and 
parts  of  the  work  within  it  were  described,  / 1/,  The  results  from  the  tests 
given  by  then  have  been  further  analyzed  arid  more  tests  have  been  performed. 

TEST  OBJECTIVES 

The  purpose  of  the  te3t  series  made  was  to  get  additional  data  on 

*  debris  and  fragment  dispersion 

*  blast  propagation 

*  influence  of  geometry  on  debris  flow  and  blast  propagation 

*  groundshock  e. rects 

*  TNT-equI valence  for  artillery  rounds 

*  degrading  effects  of  detonations  on  e.g.  shotcrete. 

THE  INSTALLATION 

The  needs  for  the  Installation  to  meet  with  were: 

*  Chamber  volume  200*300  nr1 

*  Smooth  wall;  of  access  tunn*>s 

*  Dcbrls-trap  geometry 

*  Csbrls  collecting  area  In  a  sector  in  front  of  the  installation. 

As  the  main  objective  with  the  Installation  was  to  make  multiple  tests  with 
debris  a  site  had  to  he  selected  where  large  ament;  o'  explosives  could  be 


detonated  without  Impairing  the  community,  where  \  ompetent  rock  with  adequate 
rock  cover  could  be  round  and  at  the  outside  of  which  a  surface  suitable  for 
collecting  fragments  and  debris  could  be  arranged. 

This  led  to  the  shooting  range  at  ArtSS,  Alvdalen,  Sweden. 

The  rock  at  the  selected  site  consists  of  porphyrltlc  granite,  poor  In  quartz. 

Outside  the  entrance  cutting  a  sector  -5°  -  +10*  from  the  tunnel  axis  from 
which  debris  and  fragments  could  be  collected  was  made.  The  area  was  close  to 
flat  up  to  150  m  from  the  entrance  and  then  steeper  to  form  a  target  area  In 
total  more  than  300  m  from  the  tunnel. 

Figure  1  depicts  the  geometry  outside  the  Installation. 


>  i 
•  > 


Figure  1.  Geometry  at  the  test  site 


For  the  tunnel  a  crossectlon  of  6.3  was  chosen.  The  walls  were  shotcreted. 
In  the  end  of  the  tunnel  was  a  chamber  with  a  crossectlon  of  12  m*  and  a 
volume  of  300  m3  6.9.  a  length  of  about  25  m  designed.  In  45®  to  the  tunnel 
another  tunnel  with  the  same  crossectlon  was  planned.  At  the  end  of  one  end  of 


that  tunnel  a  chamber  17  m  long  with  a  volume  of  20C  rrr  was  foreseen.  At  the 
other  end  of  It  a  10  m  long  tunnel  with  the  purpose  of  collecting  debris  and 
fragments  coming  out  of  the  20C  in3  chamber  was  made. 

The  entrance  part  of  the  tunnel  was  made  of  reinforced  concrete  to  ascertain 
that  the  geometry  would  not  change  during  the  test  series.  Also  to  facilitate 
a  comparison  with  other  test  data  a  well  defined  geometry  was  needed. 


Figure  2.  The  Installation 


TEST  PROGRAM 

The  program  for  the  tests  comprised 

1.  10  kg  TNT  In  chamber  A 

2.  Ditto  chamber  B 

3.  1  ton  TNT  In  chamber  A 

4.  Ditto  chamber  B 

5.  Artillery  rounds  with  net  explosive  weight  1  ton  In  chamber  A 

6.  Ditto  chamber  B 

7.  l  ton  of  ANFO  In  chamber  A 

8.  5  tons  of  ANFO  in  chamber  A 

9.  Ditto  chamber  B 

The  first  two  tests  were  mainly  for  calibration  but  also  to  give  pressure  vs 
charge-weight  In  and  outside  the  chamber  to  compare  with  the  tests  3  and  4. 


The  tests  1-G  were  executed  In  1 ?65  and  the  tests  7-9  In  1907. 


EXPLOSIVES 

For  the  first  four  shots  TNT  was  used.  Then  two  tests  with  m/38  artillery 
shells  followed.  Shot  number  7  was  made  with  ANFO  to  permit  a  comparison  with 
the  earlier  test,  cf.  also  /2/.  The  last  two  tests  were  mads  with  ANFO. 

MEASUREMENTS 

Measurements  were  made  of  blast,  groundshock  and  fr?.yiients. 


Blast  measurements 


The  transducers  for  blast  pressure  measurements  were  placed  according  to 
figure  3. 


Figure  3.  Positions  for  the  alrblast  gauges. 


The  side-on  pressure  gauges  outside  the  installation  w era  PCS  113A51.  For 
stagnation  pressure  Klstler  412  transducers  were  used.  In  the  tunnel  system 
PCB  113A24  gauges  were  placed. 


The  gauges  outslda  the  tunnel  were  placed  about  0.5  m  above  the  ground  surfa¬ 
ce. 

Ground  shock 

Groundshock  measurements  were  made  at  different  locations  within  the  rock 
according  to  figure  4.  The  gauges  20  and  21  were  trlaxlal  (Bruei  o  KJaer 
2x4366+4368)  and  gauge  22  close  to  the  upper  surface  of  the  roek  was  a  verti¬ 
cal  sensing  geophone.  The  gauges  were  installed  for  the  1986  tests.  They  were 
grouted  to  the  rock-  Therefor  they  could  not  be  recovered  or  Inspected.  One  of 
the  gauges  had  been  destroyed  during  the  winter  1986-87.  It  was  not  replaced. 


Figure  4.  Ground  shock  gauge  locations.  Vertical  (top)  and  horlsontal 
(bottom)  views. 


Recording  and  data  reduction  systems 


A  Sangamo  Sabre  tape  recording  system  with  a  14  tracks  1*  tape  FM  IRIG  WB1 
was  used.  Together  with  It  was  also  used  a  digital  recording  system  John  & 
Rellhofer  8kl3  with  8  channels. 


The  data  reduction  was  made  with  a  Data  General  Nova  4/x  equipped  with  a 
Westward  Pericom  graph  terminal  and  a  Versatec  V-8Q  hlgh-resolutlon-prlnter- 
pl otter. 


Debris 

Artificial  debris  In  the  shape  and  with  the  mass  approximately  like  the 
artillery  rounds  for  the  major  tests  were  used.  These  debris  were  S80  mm  long 
160  mm  diameter  steel  pipes  filled  with  concrete.  The  mass  was  47  kg. 

These  tubes  were  placed  In  the  chamber  standing  on  the  floor  behind  the  charge 
(4  of  them)  and  lying  and  standing  In  front  of  the  charge  on  the  same  leval 
(16  of  each)  at  tests  3  and  4.  In  the  tunnel  pairs  of  cylinders  were  placed 
on  the  floor  on  four  locations. 

Figure  5  shows  the  location  of  the  artificial  debris. 

To  make  a  detailed  study  of  the  trajectories  of  the  ejecta  easier  the  area 
outside  the  tunnel  was  prepared  with  timber  logs  laid  down  perpendicular  to 
the  tunnel  axis  at  10  m  Interval.  Highspeed  cameras  and  videocameras  were 
placed  perpendicular  to  and  along  the  tunnel  axis  as  can  be  seen  In, figure  6. 

In  shot  number  8  and  9  artificial  fragments  were  sawn  out  of  10  mm  thick  steel 
plates  and  put  Into  wocden  boxes.  The  boxes  were  subsequently  placed  close  to 
the  charge. 

The  steel  fragments  were  25x25,  35x35  and  83x80  mm  (50  g,  100  g  and  500  g). 
Each  box  contained  250,  125  and  41  of  each,  respectively,  the  total  weight  of 
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the  steel  fragments  In  each  box  was  therefor  446  kg.  12  boxes  were  used  for 
each  test  giving  a  total  of  5350  kg. 

To  check  on  the  trajectories  for  the  fragments  and  debris  Peter  Kurrmer  at 
Basler  &  Partners.  Zurich,  suggested  the  use  of  debris  traps  of  a  multilayer 
configuration,  /3/.  Six  such  traps  were  Included  In  the  number  0  test.  The 
design  of  the  traps  Is  shown  In  figure  7. 


As fa -board 
Frigotite 
Y*  4"  wooden 


Figure  7.  Multilayer  debris  trap. 

The  traps  were  placed  at  45*  from  horlscntal  facing  the  tunnel  entrance  as 
can  be  seen  In  figure  8. 


Figure  8.  location  of  the  debris  traps. 
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TEST  EXECUTION 


The  explosives  were  put  In  the  center  of  each  chamber.  The  bare  TNT  charges 
were  Initiated  In  one  point.  The  projectiles  were  Initiated  Individually. 
(There  were  180  at  each  of  tests  5  and  6.)  The  5  ton  ANFO  charges  were  Initia¬ 
ted  at  six  different  locations  In  the  explosive. 

.lust  before  the  detonation  of  the  charge  the  highspeed  and  the  video  cameras 
were  started  and  the  execution  of  the  test  was  followed  from  an  observation 
post.  Figure  9  shows  one  test  as  an  observer  could  see  It. 


Figure  9.  The  test  area  during  the  execution  uf  a  test. 


After  each  shot  the  entrance  to  the  tunnel  had  to  be  secured  and  the  toxic  ga¬ 
ses  must  be  ventilated.  For  this  purpose  a  plastic  hose  was  put  Into -the  tun¬ 
nel  and  connected  to  a  ventilating  equipment.  The  day  after  the  shot  the  air 
In  the  tunnel  was  good  enough  to  permit  people  to  go  Into  the  Installation. 

After  the  test:  the  debris  was  collected  carefully  In  the  tunnel  system  and 
outside  the  installation. 
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TEST  RESULTS 


Blast  pressure 

As  the  geometry  outside  Ine  Installation  Is  very  specific  to  the  site  selected 
a  detailed  comparison  of  blast  measurements  around  the  Installation  can  only 
be  made  between  the  different  shots  and  not  with  e.g.  design  code  values  taj^d 
on  more  Ideal  geometries.  A  comparison  of  pressure  data  along  the  tunnel  axis 
outside  the  Installation  where  the  surface  1$  reasonably  flat  could  however  be 
of  Interest  for  comparisons  also  with  design  codes. 

In  figure  10  such  a  comparison  Is  made  for  shots  3-6. 


50  ICO  150  Rim] 

14]  (6]  IMP] 

Figure  10.  Pressure  outside  the  tunnel  along  the  tunnel  axis 

Typically,  the  pressure  along  the  tunnel  axis  outside  the  installation  sho«:  a 
steep  front,  figure  11,  while  recordings  In  other  directions  show  first  a 
front  then  a  gradual  pressure  1nc*ease,  figure  12.  The  latter  performance  Is 
due  to  geometrical  and  frictional  effects.  The  effect  of  the  debris  trap  on 
the  pressure  outside  the  Installation  Is  very  minor  as  could  be  expected. 


.  „  »/J. 
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Figure  13.  Maximum  velocity  vs  scaled  distance 

From  the  recordings  In  the  different  tests  a  coupling  factor  can  be  calculat¬ 
ed.  From  figure  13  can  be  concluded  that  a  coupled  charge  gives  appr.  20  times 
higher  velocities  for  the  same  scaled  distance.  This  means  that  the  coupling 
factor  with  respect  to  groundvelocfty  Is  1/20  -  5  %  for  the  conditions  In  the 
tests.  The  tests  do  not  Indicate  that  a  different  coupling  factor  should  be 
used  for  bars  TNT  charges  and  the  ammunition  used  In  the  shots  5  and  6.  It  Is 
to  be  expected,  however,  that  the  coupling  factor  varies  with  the  loadlnq 
density. 


Debris 


The  artificial  debris  placed  in  the  chambers  at  the  shots  3  and  4  were  heavily 
destroyed.  The  cylinders  placed  In  the  tunnel  were  also  demolished  in  a  way 
that  they  could  not  be  Identified  to  original  position  past  test. 

In  figure  14  tie  positions  of  the  cylinders  after  the  different  shots  arc 
shown.  It  can  be  seen  that  the  cylinders  all  Impacted  within  ±  10*  from  the 
tunnel  axis. 
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It  ms  clearly  Illustrated  In  each  of  the  shots  3-6  that  the  debris  Initially 
at  the  Inner  part  of  the  chambers  remained  there  e.g.  only  debris  from  the  ou¬ 
ter  part  contributed  to  the  hazards  outside  the  installation. 

In  shot  5  and  6  large  amounts  of  fragments  were  produced  from  the  ammunition 
upon  detonation.  All  fragments  found  In  sample  areas  were  collected  and 
measured. 

The  debris  density  and  Its  variation  with  the  position  of  the  collecting  area 
is  shown  In  figure  15  for  shot  number  5  and  flgurr  16  for  shot  number  6. 

The  debris  density  vs  distance  from  the  tunnel  entrance  Is  shown  in  figure  17. 
From  It  can  be  concluded  that  the  debris  density  Is  about  an  order  of  magnitu¬ 
de  lower  In  shot  number  6  than  In  shot  number  5  e.g.  the  debris  trap  Is  highly 
efficient. 


Figure  14.  Art1f1c1a1  debris  as  recovered  after  test  3-S 
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figure  16.  Debris  d? 

the  tunne 


CONCLUSIONS 


The  data  have  not  yet  been  fully  analyzed.  The  following  conclusions  can  be 
made: 

Debris  and  fragments 

The  blast/debris  trap  dead-end  tunnel  constructed  as  an  extension  of  the 
branch  passageway  from  chamber  B,  was  able  to  reduce  considerably  the  frag¬ 
ments  outside  (order  of  magnitude). 

It  has  been  demonstrated  that  the  velocity  of  debris  emerging  from  the  main 
entranceway  Is  a  function  of  the  loading  density. 

This  hazardous  sector  from  debris/fragments  Is  considerably  smaller  than  pre 
scribed  by  most  safety  regulations. 


Blast 

These  tests  confirm  the  assumption  that  the  air  blast  outside  the  main  passa¬ 
geway  blast  pressure  can  be  calculated  based  on  the  pressure  In  the  main 
passageway  close  to  the  exit  and  the  diameter  of  the  passageway. 


Ground  shock 

The  tests  have  shown  that  fer  scaled  ranged  between  1  and  4  m/kg1^3  and  a 

i  * 

loading  density  of  about  15  kp/nr  under  conditions  studied,  the  decoupling 
factor  ;$  0.05. 

A  decoupling  factor  of  0.05  corresponds  to  a  dangerous  range  of  only  a  fract¬ 
ion  of  the  range  for  a  tamped  charge.  For  higher  loading  densities  the  coup¬ 
ling  factor  can  be  expected  to  be  higher. 
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ABSTRACT 

Rock  tunnels  are  sometimes  used  as  storage  facilities  for  significant  quantities  of  Ciass  1 
Division  1  (Mass  Detonating)  materials.  In  order  to  site  these  facilities  properly,  one  of  the 
questions  which  must  be  addressed  is  the  definition  of  the  hazard  range  associated  with  the 
event;  i.e.,  what  is  the  debris,  is  it  hazardous,  and  at  what  range  does  the  debris  areal 
density  reach  the  acceptable  level  of  one  hazardous  fragment  per  600  ft2  ground  surface 
area?  Further,  what  are  the  effects  of  any  significant  terrain  features  on  this  hazard  range? 
To  answer  these  questions,  a  series  of  model  tests  were  conducted.  In  addition,  detailed 
debris  analyses  and  trajectory  calculations  were  performed.  This  paper  presents  the  results 
of  these  tests  and  analyses  for  the  debris  hazard  ranges. 


BACKGROUND 

In  many  parts  of  the  world,  rock  tunnels  are  used  as  storage  magazines  for  ail  Classes  of 
explosive  materials.  Two  phenomena  drive  the  Explosive  Safety  Quantity  Distance  (ESQD) 
hazard  range  which  must  be  associated  with  accidents  in  tunnels  -airblast  and 
fragmentation/debris.  The  operative  criteria  are:  (1)  less  than  1.2  psi  airblast  and  (2)  less 
than  one  hazardous  fragment  per  600  ft2  surface  area,  where  a  hazardous  fragment  is 
defined  as  having  an  impact  energy  greater  than  or  equal  tc  58  foot-pounds. 

The  Department  of  Defense  Explosives  Safety  Board  (DDESB)  has  recommended  that 
the  unwaivered  scaled  distance  be  76  ft/lb1/3  to  the  front  of  each  tunnel  magazine  (with  other 
factors  applying  in  other  directions).1  The  phenomena  driving  the  hazard  range  to  this 
scaled  distance  was  airblast.  Often,  tunnels  are  constructed  with  one  or  two  baffles 
designed  to  eliminate  the  projection  of  primary  fragments  beyond  the  immediate  vicinity  of 
each  tunnel.  The  effects  of  these  baffles  on  airblast  has  not  been  fuliy  understood.  Further 
complicating  the  problem  is  the  interaction  of  the  surrounding  terrain  with  both  the  airblast 
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and  the  debris.  When  tunnels  are  built  Into  the  sider.  of  ravines  or  gullies  or  when  the  tunnel 
adit  is  surrounded  by  hills,  the  area  encumbered  by  the  ESQD  arc  b  often  on  the  top  cf  the 
hill  opposite  the  tunnel  mouth.  This  Is  shown  schematically  in  Figure  1.  As  the  alt  blast 
range  Is  reduced,  it  approaches  the  hazard  range  associated  with  the  debris.  Thus,  both 
ranges  must  be  considered  when  determining  the  actual  ESQD  range  for  tunnels. 

In  1987,  the  Naval  Civil  Engineering  Laboratory  (NCEL)  designed  and  conducted  a 
series  of  model  tests  whose  purpose  was  to  study  the  phenomena  of  explosions  within 
tunnels.  As  part  of  this  program,  the  Naval  Surface  Warfare  Center  (NSWC)  agreed  to  study 
the  debris  produced  by  these  tests  and  to  prepare  debris  hazard  range  prediction 
methodologies  for  tunnels.  The  test  program  will  be  described  in  detail  In  a  paper  being 
giv?n  by  NCEL  This  paper  will  concentrate  on  the  debris  effort  However,  a  brief 
description  of  both  the  tunnels  and  the  tests  are  required  for  a  general  understanding  of 
what  will  follow. 


GENERAL  TUNNEL  DESCRIPTION 

The  tunnels  considered  in  this  study  either  faced  fiat  terrain  or  hills.  The  tunnel 
overburden  Is  rock  and  varies  from  about  20-50  feet  at  iro  entrance  to  between  150-350 
feet  at  the  rear  of  the  tunnel.  With  these  overburden  thicknesses  and  the  loading  densities 
used  in  the  tunnels,  blowout  of  the  overburden  was  not  considered  a  problem.  Although  the 
topography  looks  severe  from  the  tunnel  entrances,  the  actual  vertical  angle  from  the  tunnel 
entrance  to  the  top  of  the  opposite  ridge  (near  the  property  line)  is  usually  less  than  15 
degrees. 

Each  tunnel  is  essentially  straight  with  no  side  chambers.  Each  has  a  reinforced 
concrete  headwall  with  a  steel  door  on  the  outside.  Each  contains  one  or  two  fragment 
suppression  baffles  located  a  short  distance  Inside  the  tunnel  behind  the  entrance.  The 
large  majority  of  the  tunnels  have  two  baffles.  Those  ba*fles  are  made  from  un-reinforccd 
concrete  and  are  not  anchored  in  any  significant  way  to  the  tunnel  walls.  Figure  2  is  a 
di  awing  of  a  typical  tunnel. 


TEST  DESCRIPTION 

Model  tests  w ore  conducted  using  model?  of  two  scale  sizes:  1/15  and  1/6.43.  The 
majority  of  the  tests  were  conducted  at  1/15  scale.  One  test  was  conducted  at  a  scale  of 
1/6.43.  The  tunnels  ware  modeled  with  circular  cross  sections,  rather  than  the  shape  shown 
in  Figure  2.  However,  the  cross-sectional  area  of  the  tunnels  was  scaled  properly  in  the 
models.  In  addition,  the  amount  of  blockage  produced  by  the  baffles  was  also  scaled  during 
the  modeling  program. 

The  1/15  tests  were  conducted  using  a  section  of  a  steel  gun  barrel  as  the  tunnel  model. 
The  1/6.43-scaie  mode!  was  constructed  from  concrete  pipe.  For  both  models,  dirt  was  piled 
over  the  test  section  for  added  confinement. 
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Tha  modtls  were  f!rsd  with  various  combinations  of  charge  weights  end  numbers  of 
bafftes/headwtrils.  The  explosive  charges  were  all  bare  changes  of  Composition  C-4  for  tha 
1/1 5-scale  tests  and  a  tightly  aluminum  dad  TMT  charge  for  the  1/6.43-scalo  trst.  Thus  the 
only  sources  o?  debris  were  the  materials  contained  in  the  headwall  and  the  baffles  (Note: 
This  corresponds  to  the  assumption  that  the  taffies  actually  suppress  ail  primary  fragments 
produced  by  the  detonation  of  the  stored  munitions.)  The  test  program  Is  shown  in  more 
detail  in  Table  1. 

A  nominal  5  *  recovery  sector  was  established  Out  the  front  of  each  tunnel.  This  sector 
was  lined  with  plastic.  After  each  test,  the  material  remaining  on  the  plastic  was  recovered, 
labeled  as  to  its  location,  and  analyzed  for  size,  weight,  and  type.  In  addition,  any  large 
pieces  found  off  the  plastic  ws re  located,  their  range  end  bearing  from  the  tunnel  mouth 
determined,  and  thc-’r  size  and  weight  measured. 

High  speed  photography  and  photo-grids  were  used  to  determine  debris  angles  and 
velocities  on  each  shot.  The  photographic  portion  of  the  program  will  be  described  in  mere 
detail  in  the  following  section. 


PHOTOGRAPHIC  ANALYSIS 

A  white  backdrop  with  a  black  grid  was  placed  at  varying  distances  from  the  tunnel  exit 
for  each  shot  The  backdrop  measured  12  faet  wide  by  18  feet  high  with  1-foot  grid  squares. 
Two  to  three  cameras  were  used  to  photograph  each  shot  One  camera  had  a  narrow  field 
of  view  and  showed  only  the  backdrop;  the  others  viewed  a  much  wider  area  which  included 
the  backdrop.  Camera  frame  rates  were  generally  1000  to  2000  frames/sec. 

The  films  showed  many  individual  fragments  coming  from  the  tunnel  exit.  By  tracking 
the  positions  of  each  fragment,  frame  by  frame  from  the  film,  velocities  and  launch  angles 
were  determined.  The  backdrop  grid  was  used  as  a  distance  and  angie  reference:  the 
calibrated  timing  marks  applied  to  each  film  were  used  as  a  timing  reference.  To  insure 
accurate  distance  measurements,  the  fragments  had  to  be  approximately  the  same  distance 
from  the  camera  as  the  backdrop.  Fragments  which  went  behind  the  backdrop  or  which 
were  in  front  of  the  backdrop  but  out  of  focus  were  ignored.  Accuracy  o*  the  measurements 
was  estimated  by  comparing  the  measured  velocity  and  angle  of  a  fragment  as  seen  from 
two  different  cameras.  From  this,  the  accuracy  of  velocity  measurements  was  estimated  to 
be  within  10%,  and  angle  measurements  to  within  1®. 

Waves  of  fragments  could  be  seen  coming  from  the  tunnel  at  low  angles.  These  waves 
contained  many  fragments  which  were  ail  moving  at  the  same  velocity  and  angle.  Velocities 
for  low-angie  fragments  were  generally  high.  Higher  angle  fragments  were  generally  ?ew_r 
in  number,  more  scattered,  and  had  lower  velocities.  To  be  sure  that  the  fragments  being 
measured  were  coming  directly  from  the  tunnel  exit  and  not  ricochetting,  the  fragment  paths 
were  traced  backward  to  the  distance  at  which  the  tunnel  was  located.  Obvious  ricochet 
fragments  were  noted  in  the  tables  and  not  used  in  further  computations.  Those  fragments 
not  originating  in  tha  tunnel  were  also  not  considered. 
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Thraa  tests  were  done  specifically  for  fragment  analysis  (NCEL  test  numbers  7a,  7b, 
and  7c).  The  first  had  only  baffles,  the  second  only  headwall ,  and  the  third  included  baffles 
and  headwall.  A  flash  panel  consisting  of  metal  sheets  was  placed  at  a  distance  cf  41  ft  from 
the  tunnel  exit .  Films  from  the  baffle  only  test  showed  that  the  baffle  fragments  were  all 
ejected  at  low  angles  (below  5°).  On  this  test,  the  flash  panels  wore  not  hit  by  any  fragments; 
however,  the  supporting  frame  was  hit .  Films  from  the  head-wall-only  test  showed  that  the 
headwall  fragments  were  distributed  over  all  angles.  Several  hits  on  the  metal  flash  panels 
were  recorded . 

The  fragment  velocity  and  launch  angle  data  for  all  shots  were  compiled  and  tabulated. 
Duplicates  (where  the  same  fragment  was  seen  from  two  different  cameras)  were  removed; 
i.e.,  the  fragment  was  only  counted  once.  Overall,  over  200  debris  tracks  were  analyzed. 

For  analysis  purposes,  all  fragments  with  launch  angles  less  than  5°  were  not 
considered.  The  remaining  data  were  then  curve  fitted  with  an  exponential  fit .  The  results 
are  shown  in  Figure  3.  The  fitted  curve  is  a  relationship  between  launch  angle  and  launch 
velocity  which  can  then  be  applied  to  the  debris  originating  from  these  tunnels.  This  curve 
has  the  ferrn: 

V-3225‘8"0-7'  (0>5°) 


where 

V  »  Launch  velocity  (ft/s) 

0  -  Launch  angle  (°) 

For  iaunch  angles  <5°,  use  a  constant  velocity  of  1100  ft/s. 

Examination  of  the  data  does  not  show  any  distinguishable  differences  between  the 
shots  of  various  charge  weights.  Based  on  these  data  and  for  these  test  conditions,  the 
launch  velocities  and  angles  appear  to  be  independent  of  charge  weight  One  set  of  data 
that  does  stand  out. is  the  data  from  the  headwail-only  shot  This  case,  headwall  without 
baffles,  is  not  reaiistic  and  its  differences  from  the  remainder  of  the  data  can  be  explained. 
When  baffles  are  present,  energy  must  be  expended  both  in  breaking  them  up  and  in 
transporting  the  pieces.  Without  baffles,  this  energy  can  be  dumped  into  the  headwall, 
producing  unrealistic  results  since  all  tunnels  have  baffles. 

Based  on  both  the  photographic  evidence  and  the  post-test  recovery  of  the  fragments, 
the  beam  spray  angle  in  the  horizontal  plane,  the  angle  which  contains  most  of  the 
fragments,  was  approximately  10°  on  either  side  of  center;  a  few  fragments,  however,  were 
more  than  10°  off  the  center  line  of  die  tunnel. 
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DEBRIS  ANALYSIS 

The  debris  data  taken  during  this  program  were  used  to  defii«  two  things:  (1)  the 
characteristic  shape  of  the  fragmonts/debris  (as  defined  by  the  debris  shape  factor,  B),  and 
(2)  the  characteristic  size  of  the  debris  (as  defined  by  the  debris  characteristic  length.  LJ.  !n 
addition,  the  location  of  the  debris  pieces  helped  to  define  the  'debris  beam  angle",  i.e.,  the 
angles  between  which  the  majority  of  the  material  were  recovered. 


SHAPE  FACTOR 

The  concrete  debris  collected  in  the  recovery  areas  were  evaluated  as  to  shape  factor. 
The'' shape  tactor  relates  the  debris  weight  with  a  length  dimension  according  io  the 
function: 

M«BpcL3 

where  M  »  Debris  mass  or  weight 
B  -  Shape  Factor 

pc-  concrete  mass  or  weight  density-2800  kg/m3- 175  Bbs/ft* 

L  » (debris  length  x  width  x  thickness  },/3 

Figure  4  illustrates  the  linear  dimensions  measured  for  each  fragment  The  shape  factor  can 
be  thought  of  as  toe  ratio  of  toe  volume  of  a  fragment  to  too  volume  of  a  rectangular  box  with 
too  minimum  dimensions  required  to  hold  the  bagment  (see  Figure  4).  The  recovered  debris 
pieces  were  analyzed  and  cataloged  by  toe  New  Mexico  Institute  of  Mining  Technology, 

Table  2  presents  the  shape  factors  determined  for  each  of  the  tests.  Even  though  the 
numbers  of  recovered  fragments  were  small  tor  the  1/15-scale  tests,  their  results  are 
presented  nere  for  completeness.  Because  the  recovery  numbers  were  so  low  for  the  1  /15- 
scale  tests,  toe  bulk  of  too  analysis  and  interpretation  was  concentrated  on  toe  single  1/6.43- 
scale  test.  The  average  shape  factor  for  too  1/8.43-scaJe  test  was  0.37;  *his  Is  actually  not 
statistically  different  from  the  shape  factors  determined  for  too  1/15*scalo  tests.  The  shape 
factor  determined  for  the  break-up  of  reinforced  concrete  in  the  Aircraft  Shower  Model  Test 
Program  (ASMT)  was  0.573,  while  that  determined  on  the  DISTANT  RUNNER  lest  series2 
was  0.42-0.-143  .  It  should  be  remen  .berod,  however,  that  the  debris  from  these  tunnel  iests 
was  from  a  combination  of  reinforced  and  unreinforced  concrete  (headwaii  and  baffles), 
while  toe  ASMT  and  DISTANT  RUNNER  data  were  at!  reinforced  concrete. 

DEBRIS  CHARACTERISTIC-  LENGTH 

Using  toe  above  shape  factor  information,  a  number  distr&utlon  of  the  form  (taken  from 
Reference  3): 

N(>L)  -  N0  exp  (-ULc) 
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where 


N(>L)  •  nuRibor  of  pieces  of  debris  with  length  greater  than  L 
L  -  (M/(Dp))i« 

M  »  debris  weight 

B  -  shape  factor  (determined  above) 

p  *  debris  density 

Lo  -  characteristic  fragment  dimension  (determined  by  fit) 

No  ■  tutal  number  of  pieces  of  debris  (determined  by  fit) 

was  fitted  to  the  1/8.43  scale  test  data,  Ihe  results  are  shown  In  Figure  5.  The  fragment 
characteristic  length  Is  found  to  bo  2.756  cm.  When  thi3  result  is  scaled  up  to  full  scale,  the 
characteristic  fragment  dimension  becomes  7.0  Inches  (2.755*6.4^2.54). 

DEBRIS  HAZARD  RANGE  DETERMINED  FROM  1/6.43-SCALE  TEST 

The  technique  for  predicting  fuli  scale  debris  ranges  based  on  model  ccalo  test  results  Is 
described  In  detai!  in  Reference  2.  The  following  Is  a  synopsis  of  the  technique.  Trajectory 
calculations  are  usod  to  calculate  Initial  launch  conditions  necessary  to  get  the  modal  oebris 
to  Ito  final  location  (both  high  and  low  angle  trajectories  are  considered).  Once  the  Initial 
condiUcns  have  been  calculated,  each  piece  of  debris  la  scalod  up  to  full  sente  by  the  sea's 
factor,  S  (debris  characteristic  length  is  multiplied  by  S,  drag  arer  by  S*.  and  mass  by  S3). 
The  "scaled-up*  debris  are  then  flown  out  using  the  Initial  conditions  Just  determined.  At  the 
debris  final  locations,  evaluate  each  piece  as  to  whether  or  not  it  Is  hazardous,  and  then 
compute  an  areal  density. 

For  this  technique  to  werir,  certain  Informet'on  Is  roquirod-namoty,  (1)  the  type  of  debris, 
(2)  the  Jet  weight  density,  (3)  the  debris  shepe  factor,  (4)  initial  estimates  for  the  t,;9h  and 
low  angle  Vagments  (to  3**«rt  the  Iterations),  and  (5)  velocity  cut-offs  for  the  high  and  low 
ang'e  fragments. 

For  tills  test,  the  type  of  debris  was  concrete  with  a  density  of  2800  kgAn\  The  shape 
factor  (as  determined  above)  was  0.37.  The  high  and  low  angle  trajectory  estimates  were 
25*  and  5*  respectively.  The  associated  verity  cut-offa  were  490  feet  per  second  for  high 
angle  trajectories  and  800  foet  per  second  for  low  angles.  As  described  In  Reference  2.  the 
computational  algorithm  uses  an  iterative  procedure  to  calculate  a  set  of  Initial  launch 
conditions  (velocity  and  angle)  for  each  piece  of  debris.  Some  of  thess  calculated  initial 
conditions  are  obviously  unrealistic,  with  launch  velocities  which  ere  not  physically  possible, 
in  many  canes,  ihoso  unrealistic  results  are  due  *o  the  debris  which  bounced  or  skipped 


along  the  ground  before  It  reached  its  final  location  (a  phenomena  which  is  known  to  have 
occurred  on  these  tests).  To  handle  these  cases,  upper  limit  velocity  cutoffs  are  built  into  the 
procedures.  All  fragments  whose  initial  velocities  are  calculated  to  be  greater  than  this  cutoff 
velocity  are  dropped  from  the  calculations.  The  cutoff  velocities  used  in  these  caktui&Hous 
were  based  on  the  observed  relationship  between  launch  angle  and  launch  velocity 
described  in  a  preceding  section. 

The  output  of  the  program  is  a  table  of  the  number  of  hazardous  fragments  as  a  function 
o!  the  full  scale  range.  The  computational  algorithm  also  uses  the  smoothing  technique 
described  in  Reference  2  This  smoothed  or  normalized  output  as  a  function  of  range  Is 
shown  in  Figure  6  for  the  1 /6.43-scale  test  results. 

A  least  squares  regression  was  performed  on  the  normalized  data.  The  form  of  iho 
function  was: 

N- Aexp(BR) 

where  A,  B  are  determined  by  the  fit  and  R  is  the  normalized  range  in  feet  and  N  is  defined 
as  follows: 

k  k 

n  -  (N^-L^y,  /Lin*), 
i.]  i.j 

and 

k 

R  -LR,/fk-j+1) 
t-1 

.  N  •  Normalized  Fragment  Oensity 

R  »  Normalized  Range  (foot) 

(Nc>  -  Number  of  hazardous  debris  in  zone  1 

(Na),  -  The  acceptable  number  of  hazardous  debris  that  corresponds  to  an  areal 
density  cf  1  per  600  It2  for  zone  i 

R,  «  The  distance  from  the  tunnel  mouth  to  the  mid-point  of  zone  I 

I  «  Index  for  full-scale  zone;  varies  from  1  to  k  (outermost  zone) 

j  «  Specific  zone  index  between  l-»1  to  i«k 

Using  the  fitted  curve  in  Figure  6,  the  range  at  which  the  hazardous  fragment  density 
reaches  one  (l.e  the  number  of  hazardous  fragments  equals  the  allowed  number  of 
hazardous  fragments)  is  1145  feet.  It  must  be  remembered,  however,  that  this  result 
represents  the  case  with  no  terrain  effects;  l.e.,  the  test  was  conducted  on  tlat  ground.  The 
effects  of  hill3  would  be  to  reduce  this  range.  These  terrain  effects  will  be  discussed  In  a 
subsequent  section. 
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ANALYTICALLY  DETERMINED  HAZARD  RANGES 

In  order  to  compute  fragment  density  as  a  function  of  range,  two  pieces  of  information  are 
required:  (1)  the  fraction  of  maieriai  failing  into  each  range  increment,  and  (2)  the  total 
number  of  debris  pieces  which  must  be  apportioned  among  the  various  range  increments. 

The  procedure  for  determining  the  fraction  of  material  failing  Into  each  range  increment 
begins  with  a  series  of  trajectory  calculations.  In  order  to  perform  these  calculations,  three 
things  are  required:  (1)  the  mass,  shape  factor,  and  type  of  debris  Involved,  (2)  the  initial 
velocity  and  launch  angles  of  the  deb;  is.  and  (3)  the  height  and  range  (or  profile)  of  the  hill 
involved. 

The  following  masses  were  arbitrarily  chosen  to  characterize  the  full-scale  debris 
produced  by  the  tunnel  explosion:  0.5,  1.0,  2.0,  5.0,  10.0,  20.0,  50.0,  100.0,  and  200.0 
pounds.  The  debris  was  assumed  to  be  concrete,  with  a  shape  factor  of  0.37  and  a  density 
of  175  Ibs/ft3,  based  on  the  model  results. 

Th8  relationship  between  launch  angle  and  initial  velocity  derived  from  the  photographic 
data  presented  in  an  earlier  section  was  used  for  the  launch  conditions.  That  relationship  is: 

V*  3225*0*  71  (tS5°) 

V-1100  (6<5*) 


where 


V  ■  velocity  (ft/s) 

0  »  launch  angle  (*) 

The  terrain  (hill)  was  modeled  with  a  polyrsnrrval  expression  (able),  relating  rang?  end 
elevation.  Figure  7  shows  a  sketch  of  one  of  the  hills  considered  in  these  calculations. 
When  debris  items  failed  to  clear  tho  hill,  their  finui  location  was  taken  as  the  X-coord  nate  of 
the  impact  point  on  the  hill.  The  trajectory  calculations  were  performed  using  the  computer 
program  TRAJ,  described  h  Reference  3. 

Once  the  trajectory  calculations  were  completed.  It  was  assumed  that  there  was  a 
uniform  distribution  cf  debris  with  respect  to  ejection  angle  (up  to  some  maximum  angle 
taken  as  45°)  and  that  spherical  divergence  applied.  With  those  two  assumptions,  the 
fraction  of  material  falling  into  arb'Vary  100- foot  increments  out  to  the  maximum  range  of 
each  weight  group  was  computed. 
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Using  the  distribution  previously  discussed,  the  numbers  of  fragments  associated  with 
each  mass  increment  can  be  computed.  The  distribution  has  the  form: 

N(>L)  -  No  exp  (-L/Lc). 

where 

N(>L)  -»  number  of  debris  v/ith  dimension  greater  than 

N0  »  total  number  of  debris  =  WT/m 
m  m  6*B*pc*L53  (Reference  3) 

Wr  ■  total  weight  of  fragmenting  material 
P  -  fragment  shape  factor  (use  0.37) 

p  ■  debris  density  (use  175  Ib/ft3) 

Lc  »  fragment  characteristic  length  (inches) 

Ll  *  fragment  length  associated  with  WL  (inches) 

WL  m  assumed  weight  groups  (0.5, 1 .0, 2.0, 5.0,  etc). 

Associated  with  each  mass  Is  a  length.  These  are  related  by: 

Ll«(1728*Wl/{B*pc))1'3 

where  the  symbols  are  defined  above.  The  lengths  associated  with  each  weight  group 
chosen  were  calculated  using  this  equation  arvJ  are  shown  in  Table  3. 

The  only  source  of  debris  within  the  tunnels  are  taken  to  be  the  headwall  and  the  baffles 
themselves.  For  low  angles  (ranges  out  to  600-700  feet)  both  (headwall  plus  baffles) 
contribute  as  sources  of  fragments.  At  the  higher  launch  angles  (ranges  beyond  700  feet), 
only  the  headwall  fragments  contribute  (see  section  on  photographic  results).  Thus  WT,  die 
total  weight  of  fragmenting  material  is  a  combination  of  the  assumed  weights  of  the 
headwall  and  the  baffles. 

AH  material  was  assumed  to  be  unreinforced  concrete.  The  headwail  was  assumed  to 
have  nominal  dimensions  of  17  ft  x  17  ft  x  3.5  ft  with  an  opening  of  7  ft  x  10  ft  x  3.5  feet  This 
gives  a  weight  of  approximately  130,000  pounds.  The  baffles  were  assumed  to  have  a  front- 
face  area  of  75  ft2  and  a  thickness  of  4  feet,  for  a  nominal  weight  of  51 ,000  pounds  each. 
Therefore  WT  Is  either  232,000  pounds  (headwall  plus  two  baffles)  or  130,000  pounds 
(headwall,  only). 

The  characteristic  length  (L^  determined  from  the  1/6.43-scaie  test  and  scaled  up  to  full 
scale  was  7.0  inches  (see  section  on  Debris  Analysis). 

Everything  that  is  needed  for  computing  N(>L)  is  now  either  known  or  can  be  calculated 
from  the  information  presented  above.  The  results  (debris  lengths  and  numbers)  are  also 
shewn  in  Table  3. 


Thus,  for  any  range  increment  the  fragment  density  car.  be  computed  using  the  following 
relationship: 

s 

D,  =.  2  (FRACj’Ni) 

J-i 

where 

D|  a  fragment  density  in  I-th  range  increment 

FRACj  =»  fraction  of  material  of  J-'Ji  weight  group  landing  in  i-th  rang  a  increment 

Nj  b  number  of  debris  pieces  in  j-th  weight  group 

1  =*  identifier  for  each  range  increment 

j  =  identifier  for  each  weight  group;  when  j»1,  \\~0.5  pounds,  J=*2,  WL=1.0 

pounds,  j«3,  WU2.0  pounds,  etc. 

This  computational  technique  was  first  applied  to  the  fiat  terrain  case.  Tire  computed 
fragment  densities  were  then  "smoothed"  using  the  technique  described  earlier  in  the 
analysis  of  the  mode!  results.  Again,  the  hazard  range  Is  defined  as  the  range  at  which  the 
hazardous  fragment  density  reaches  one  (i.e.,  the  number  of  hazardous  fragments  equals 
the  allowed  numbsr  of  hazardous  fragments;  in  these  calculations  with  the  weight  groups 
assumed,  all  fragments  are  hazardous).  The  calculation  indicates  that  this  density  of 
hazardous  fragments  would  ba  obtained  at  a  range  of  1300  feet  This  differs  from  the 
model-derived  result  by  13.5%. 

Not  all  the  baffia  material  will  fcacomo  involved  as  analytically  assumed.  On  several  of 
the  mode!  »ests,  at  least  one  of  the  baffle*  remained  nearly  intact  and  did  not  fracture  Into  a 
large  number  of  pieces.  Moreover,  the  analytic  procedure  assumed  that  ail  of  the  headwall 
material  would  become  debris,  in  actuality,  not  all  of  this  material  wiil  become  involved; 
rather,  an  amount  of  material  r.iiqnliy  larger  than  the  tunna!  diameter  would  bo  broken  up 
and  projected  as  debris.  Eocause  of  these  differences  between  the  model  results  and  the 
analytic  procedures,  the  analytically-derived  ranges  should  he  considered  as  overly- 
conservative  estimates. 

If  we  assume  that  the  flat-terrain,  1/6.43-scale  model  results  pivo  a  realistic  hazard  range, 
then  a  "normalization  factor"  of  (1145/1300)  con  be  derived  and  applied  to  the  analytic 
results  to  bring  them  into  agreement  with  tha  test  results. 

The  prediction  technique  described  at  the  start  of  this  chapter  was  then  apoiled  to  terrain 
containing  3.1°  and  14°  hills,  and  the  normalization  factor  derived  above  was  -applied  to  the 
calculated  hazard  ranges. 

Thus,  for  flat  terrain  the  fragment  hazard  range  is  1145  feet,  for  an  8.1 9  hill,  the  range 
decreases  to  S50  feet,  and  for  a  14°  hill  the  range  becomes  850  feet.  These  results  are 
shown  in  Figure  3  and  in  Table  4. 
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FIGURE  3  COMPOSITE  TUNNEL  DEBRIS  DATA 

(DATA  <5°  OMITTED) 
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LAUNCH  ANGLE  (deg) 


FIGURE  6  FULL  SCALE  DEBRIS  DENSITY  VERSUS  RANGE 

(BASED  ON  1/6.43-SCALE  TEST) _ 


FIGURE  7  HILL  PROFILE 
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TABLE  3  DEBGIS  LENGTHS  AND  NUMBERS 


WEIGHT  (lbs) 

LENGTH.  L  (in) 

HEADWALL+2  BAFFLES 

msmmm 

(N>U 

mmmsm 

0.5 

2.36 

185 

94 

1 

2.97 

189 

107 

2 

3.74 

283 

160 

5 

£.08 

231 

131 

1  0 

6.40 

234 

133 

20 

8.06 

295 

167 

50 

10.94 

195 

no 

100 

13.79 

154 

88 

200 

17.37 

232 

131 
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TABLE  4  FRAGMENT  RANGE  VERSUS  HILL  ANGLE 
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ABSTRACT 


The  Department  of  Defense  Explosives  Safety  Beard  (DDESB)  and  KDOTZ  Club  member 
nations  Norway  and  the  United  Kingdom  proposed  to  fund  construction  and  testing 
of  an  underground  explosives  storage  facility  to  verify  the  data  obtained  from 
modeling  and  scale  studies.  The  Ordnance  Evaluation  Branch  of  the  Naval  Weapons 
Center  (NWC) ,  China  Lake,  California,  agreed  to  perform  the  construction  and 
tasting  work  at  NWS. 

This  report  sumnarizes,  to  date,  work  performed  at  the  Naval  Weapons  Center  in 
preparation  for  the  Tunnel  Explosion  Test. 


I.  Background  and  Introduction 


The  necessity  of  providing  a  safe  environment  for  persons  and  property  located 
in  the  vicinity  of  explosives  storage  facilities  has  long  been  recognized  by  the 
world-wide  explosives  safety  coraaunity.  Numeroirs  test  programs  have  beer* 
carried  out  over  the  years  to  develop  and  expand  the  quantity/distance  (00) 
database  which  is  used  to  provide  minimus  safe  siting  distances  for  personnel, 
roadways,  and  structures  subject  to  airblast,  debris  scatter,  and  ground  motion 
effects  resulting  from  detonations  occurring  in  explosives  storage  facilities, 
live  requirements  for  increasing  tlie  database  in  CD  measurements  extend  not  only 
to  above  ground  facilities  but  to  underground  storage  centers,  as  well.  Until 
recently,  the  majority  of  CO  data  for  underground  facilities  has  been  generated 
through  computer  modelling  and  anal 1-scale  testing  programs. 

The  Ordnance  Evaluation  Branch  of  the  Ordnance  Systens  Department,  Naval  Weapons 
Center,  accepted  the  task  proposed  by  the  D0E33  and  XLOTZ  Club  tranter  nations 
Norway  and  the  United  Kingdom,  to  construct  and  perform  t®3t3  cr.  a  one-half 
scale  model  of  an  underground  explosives  storage  magazine  (tunnel/chamber)  with 
shallow  overhead  cover  in  an  effort  to  verify  data  fran  modeling  studies  and 
snail-scale  test  programs. 

The  work  performed  by  the  Naval  Weapons  Center  has  been  conducted  during  Fiscal 
Years  1987  and  1S83  and  includes  the  following: 

*  Site  Selection 

*  Site  Environmental  Clearance 

*  Preparation  and  Award  of  Contract  for  Tunnel/Chamber  Construction 

*  Completion  of  the  Tunnel/Gianibar 

*  Geologic  and  Geophysical  Analysis  of  Rock 

*  Test  Planning  and  Coordination  with  liange  Department 

NOTE:  As  of  this  date  —  10  August,  1583,  the  instrumentation  groups  and 
experimenters  who  are  supporting  the  Tunnel  Explosion  Test  are  ov-Center 
installing  their  equipment  and  making  final  preparations  for  the  test. 

For  the  reader's  convenience,  all  figures  are  located  at  the  back  of  the  report 
text. 


II.  Site  Selection 

Hie  Tunnel  Explosion  Test  site  is  situated  on  the  north  side  of  a 
northeast-southwest  trending  hillside  of  weathered  granitic  rock  near  the 
western  boundary  of  the  Naval  Weapons  Center  (Figure  1) .  The  site  was  selected 
following  a  series  of  Center-wide  reconnaissance  trips  via  road  and  helicopter. 
Hie  site  was  most  promising  for  the  following  reasons:  The  rock  outcrop  was 
weathered  but  generally  competent;  the  Sponsors'  requirements  for  depth  of 
tunnel/chamber  overhead  cover  could  be  met  at  this  site;  there  was  a  large 
gently-sloping  open  area  to  the  north  quite  suitable  for  unobstructed  fragment 
collection  and  gauge  placement  locations;  the  site  was  easily  accessible  by  good 
roads,  and  the  site  was  relatively  isolated  from  the  main  NWC  ranges,  thus 
eliminating  numerous  logistics  and  scheduling  conflicts  with  other  test  groups. 

A  view  of  the  proposed  test  site  is  shown  in  Figure  2.  Hie  view  is  oriented 
looking  southeasterly  along  the  centerline  bearing. 


III.  Site  Environmental  Clearance 

Prior  to  construction  or  land  disturbance  for  a  test  program  at  NWC,  an 
environmental  impact  study  must  be  conducted.  This  study  involves  field 
examination,  analysis  of  data  and  preparation  of  documentation  for  potential 
progran  impact  upon  cultural  and  biological  resources  and  endangered  species. 

Hie  Tunnel  Explosion  Test  site  required  an  envirorrsental  impact  study  for  a 
circular  area  of  radius  approximately  290  meters  from  "ground  zero"  (the  center 
of  the  chamber) .  Work  was  performed  by  the  !®SC  Environmental  Office  of  the 
Public  Works  Department  and  their  environmental  contractor  during  the  period 
September  1937  through  January  1988.  Hie  completed  environmental  report  was 
reviewed  by  the  State  Historical  Preservation  Office  and  Federal  environmental 
agencies. 

A  finding  of  "Negative  Environmental  Inpact"  was  determined  for  the  Tunnel 
Explosion  Test  site  and  approval  to  proceed  with  tha  program  was  granted  on  1 
February  1988. 


IV.  Funding  and  Contract  Requirenents 

Funding  for  the  Tunnel  Explosion  Test  was  provided  in  increments  from  the 
Sponsors  which  were  received  by  NWC  in  April,  November  and  December  of  1987,  and 
in  January  of  1983. 

Because  of  the  size  and  nature  of  the  effort  required  for  the  tunnel/chamber 
construction,  concrete  work,  and  associated  services,  it  was  necessary  for  NWC 
to  prepare  and  award  a  contract  to  have  this  work  performed.  Contract 
preparation  and  execution  wa3  conducted  by  the  WC  Supply  Contracts  Branch. 

NWC  contract  policy  requires  that  full  funding  is  available  for  a  contract 
before  that  contract  can  be  awarded.  Hie  funding  increment  that  provided  the 
full  amount  to  cover  the  contract  arrived  on-Center  on  25  January  1988; 
therefore,  the  major  elements  of  he  contracting  process,  and  the  final  contract 
award  occurred  after  25  January. 
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V.  Contracting  Process 

In  preparing  the  specifications  and  requirements  for  the  contract,  the  Ordnance 
Evaluation  Branch  included  construction  work,  engineering  and  geologic 
evaluations  of  rock  and  concrete,  and  a  portion  of  the  pre-and  post-test  data 
collection.  The  elements  of  work  incorporated  into  the  contract  are  listed 
below: 

*  Site  Preparation 

*  Construction  of  the  Tunnel/Chamber  Configuration  (Figure  3  A  and  B) 

*  Form  and  Pour  Concrete  Tunnel  Floor,  Portal  Apron,  Tunnel  Liner, 
and  Portal  Arch 

*  Drilling  of  Holes  in  Chamber  for  Instrumentation  Cabling 

*  Shotcreting  of  Tunnel  and  Chamber 

*  Geologic  Mapping  of  Surface  and  Underground 

*  Conduct  Engineering  Property  and  Thin  Section  Analysis 
of  Rock  Samples 

*  Conduct  Concrete  Compressive  Strength  Testing 

*  Survey  and  Map  the  Completed  Tunnel/Chamber  —  Prepare 
Plan  Map,  Longitudinal  Section  and  Cross-Sections 

*  Survey  Debris  Collection  Pads 

*  Survey  Artificial  Debris  I  tans  Following  Test 

*  Compile  Post-Test  Debris  Scatter  Data 


Table  1  shews  the  highlights  and  dates  for  each  of  the  steps  in  the  contracting 
process. 


On  14  April  1933,  the  T'mnel  Explosic.i  Test  contract  was  awarded  to  the  joint 
venture  group  of  Mine  Engineering  a  d  Development  Corporation  and  Valley 
Engineers  (kDECA'E)  of  Bakersfield  and  Fresno,  California. 


VI.  Construction  and  Service  Milestones  Completed  by  the  Contractor  (KD2C/VE) 

The  contractor  mobilized  to  the  test  site  on  25  April  1933  with  a  crow  cf  6 
parsons  and  the  full  carplanent  of  equipment  to  perform  the  contract  work.  The 
small  era/  demonstrated  capability  in  all  phases  of  mining  work,  heavy  equipment 
operation,  engineering  design,  surveying,  concrete  forming/finishing,  welding, 
electrical,  and  maintenance. 
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STATEMENT  OF  WORK  (SOW)  PREPARED  DEFINING 
SERVICES  AND  SPECIFICATIONS  REQUIRED  OF 
CONTRACTOR 


REQUISITION  FOR  MATERIALS/SERVICES  PREPARED 

4 

JAN 

88 

REQUEST  FOR  PROPOSAL  ADVERTISED  IN 

13-27 

JAN 

88 

COMMERCE  BUSINESS  DAILY 

BID  PACKAGES  SENT  OUT  (25  REQUESTS  RECEIVED) 

28 

JAN 

88 

SITE  VISIT  FOR  PROSPECTIVE  BIDDERS 

5 

FEB 

88 

BID  PROPOSALS  RECEIVED  (2) 

7 

MAR 

88 

TECHNICAL  EVALUATIONS  COMPLETED 

M 

MAR 

88 

CONTRACT  AWARDED 

8 

APR 

88 

POST  AWARD  CONFERENCE  WITH  SELECTED  BIDDER 

1<< 

APR 

88 

TABLE  1.  MILESTONES  IN  THE  CONTRASTING  PROCESS. 
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Table  2  shews  the  progression  of  construction  and  «3:vice  tasks  performed  by  the 
contractor  frera  25  April  1988  through  the  present  time. 

Following  the  Tunnel  Explosion  Test,  the  contractor  will  survey  the  direction 
and  distance  of  throw  of  artificial  debris  iberas  which  wore  located  on  the 
overhead  cover  alcng  the  tunnel/chamber  centerline  prior  to  the  test.  The 
contractor  will  also  weigh,  measure,  and  catalog  debris  found  on  debris 
collection  pads  following  the  test. 


VII,  Geology  and  Geophysics 

The  test  site  is  built  in  a  gently-sloping  hillside  composed  primarily  of  the 
intrusive  igneous  rock  called  granodiorite.  The  granediorite  is  coarse-grained 
(l--4nm  grain  size)  and  deeply  weathered  and  fractured.  Numerous  fine-grained 
black  to  dark  gray  dikes  have  been  injected  along  the  fractures  and  these  stand 
a3  resistant  topographic  "highs"  in  contrast  to  the  granodiorite  {Figure  2) . 

Weathering  of  the  granodiorite  is  attributed  to  the  combined  effects  of 
infrequent  rain  and  snowmelt  waters  and  the  intense  range  of  tarperatures  from 
below  freezing  to  well  above  100  degrees  F.  Mineral  grains  are  often  destroyed 
through  repeated  freeze/thaw  conditions  while  others  are  chemically  attacked  by 
reaction  with  rain  and  snow  malt  waters  which  seeps  into  fractures  and  produces 
clays  or  other  soft  weathering  products  (Figure  14) .  The  diha  rocks  present  are 
younger,  generally  truch  finer  grained  ard  more  silica  rich  than  the  granodiorite 
host  rock,  and  are  therefore  less  susceptible  to  weathering.  These  tend  to 
break  up  into  angular  blocks  rather  than  decompose  grain  by  grain  (Figure  15) . 

The  contractor  was  tasked  with  napping  the  surface  and  underground  geology  of 
the  site  and  providing  thin  section  analysis,  compressive  strength,  and  specific 
gravity  data  for  a  representative  suite  of  rocks.  As  of  this  writing,  the 
mapping  and  thin  section  data  are  unavailable  but  will  be  included  in  the  final 
report  produced  following  the  Tunnel  Explosion  Test.  Forsooal  communications 
with  the  contract  geologist  (July  1S38)  indicate  that  the  underground  geology  is 
highly  complex,  particularly  in  the  chanter  where  there  are  at  least  4  different 
types  of  dikes  within  faulted  and  fractured  granediorite.  The  dikes  join  at 
fracture  intersections  ard  in  sane  cases,  cross-oit  one  another.  A  fault  occurs 
at  the  entrance  to  the  tunnel  which  was  not  visible  on  the  surface  before  the 
portal  site  art  was  made.  This  fault  is  ptiawrily  responsible  for  the  extremely 
fractured  ground  encountered  during  the  start-up  of  the  tunnel  (Figure  6) . 

Rock  property  data  provided  by  the  contractor  is  listtd  below: 

Ccsrpressive  strength  measurements  for  the  granodiorite  range  from  3,475  to  3,664 
pounds  per  square  inch  (psi)  and  specific  gravity  measurements  ranged  fran  2.53 
to  2.61  grams  per  cubic  centimeter  (g/cc) . 

Compressive  strength  measurements  for  the  dike  rocks  ranged  from  14,318  to 
44.153  psi  and  specific  gravity  measurements  ranged  from  2.63  to  2.85  g/cc. 

The  Sponsors  requested  that  a  seisaiic  geophysical  survey  be  made  of  the  rock 
cover  over  the  tunnel/charrber  in  order  to  determine  ti>e  rock  mass  seismic 
velocity  —  information  considered  important  in  predicting  the  severity  of 
overhead  rupture  and  fragment  throw  fraa  the  explosion.  The  Geosciences  Branch 
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25 

Ape 

Contractor  began  mobilization  at  NWC 

26 

Apr 

Contractor  began  drilling  on  site 

2 

May 

First  shot  on  surface  cut  (Figs.  4  and  5) 

2-6 

May 

Surface  geology  mapping  completed 

6 

May 

First  tunnel  round  shot  (Fig.  6) 

7 

June 

8-  by  8-foot  (2.4  by  2.4m)  tunnel  driven 
to  141  feet  (43m)  (Fig.  7) 

1 

July 

Chanter  enlargement  completed 

2-3 

July 

Underground  geologic  mapping  completed 

13 

July 

Tunnel  floor/Portal  apron  poured 
(Figs.  8  and  9) 

22 

July 

Rock  compressive  strength/specific  gravity 
data  completed 

16/23  July 

Debris  collection  pads  surveyed 

23/26  July 

Tunnel  liner/Portal  arch  poured  (Figs.  10, 

11,  and  12) 

30 

July 

Shotcreting  of  Tunnel/Charnber  completed 
(Fig.  13) 

2 

Aug 

Drilling  of  Chanter  Instrumentation  Holes 
completed 

4 

Aug  * 

Surveying/Measuring  of  finished  TUnnel/Chanter 

*  In  progress  that  date. 

Table  2.  MDDC/VE  CONTR/CT  WORK  MILESTONES. 

APRIL  THROUGH  AUGUST  1988. 
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of  fcha  NWC  Kes&arch  Department  conducted  a  secies  seismic  s'irveys  in  July  1988 
employing  detonations  free*  the  contractor’s  underground  blasting  work  to  obtain 
compress icnal  and  shear  wave  velocities.  These  tests  were  followed  up  by  haamer 
seismic  maaauranents  which  were  employed  to  narrow  the  wide  range  of  velocities 
encountered  in  the  blast-generated  measurements.  The  wide  velocity  range  was 
apparent  through  both  seismic  methods  and  is  attributable  to  jointing,  dike 
emplacement,  localized  weathering,  and  irregularities  in  overburden  thickness. 

The  overburden  rock  mass  seismic  velocities  are  as  follows: 

Congressional  Waves  (Vp) :  3096-5332  f/s  (944-1626  m/s) 

Average  (Vp) :  4292  f/s  (1309  a/s) 


Shear  Waves  (Vs) : 


1985-3514  f/s  (605-1071  tty's) 
Average  (Vs) :  3071  f/s  (936  tty's) 


VIII.  Work  Currently  in  Progress  and  Up-Caning 

1.  Studies  of  tunnel/chamber  Rock  Quality  Data  (RQD),  i.e.,  fracture 
spacing,  fracture  roughness ,  and  fracture/fault  orientation,  and  additional 
Schmidt  Hammer  rock  caupressive  strength  testing  were  performed  by  The  Earth 
Technology  Corporation,  Long  Beach,  California.  This  data  is  to  be  employed  in 
calculations  and  predictions  for  tunnel/chamber  rupture  and  debris  throw.  A 
summary  report  is  expected  at  NWC  on  3  August. 

2.  Chamber  volume  measurements  and  es-completed  wall  smoothness 
measurements  were  conducted  during  2-3  August  by  S-Cubed  of  Albuquerque,  Hew 
Mexico.  The  data  will  be  employed  in  modeling  pressure  build-up,  gas  volume, 
and  air  blast  effects.  A  report  is  expected  prior  to  the  Tunnel  Explosion  Test. 

3.  Personnel  from  the  Army  Corps  of  engineers  Waterways  Experiment  Station 
(WES)  are  on-Center  installing  air  blast  and  ground  motion  gauges  and  performing 
equipment  check-outs . 

4.  The  NWC  Range  Department  has  completed  Safe  Operating  Procedures  for  the 
mass  detonation  test  and  the  Ordnance  Evaluation  Branch  has  prepared  Re-Entry 
Procedures.  Both  are  approved  for  use  through  required  channels. 

5.  The  NWC  Range  Deportment  photography  and  video  groqos  are  preparing 
equipment  and  camera  sites  for  the.  test. 

6.  Experiment  groups  who  are  providing  the  tethered  balloon  camera 
platform,  air  densitometers,  snoks  puffs,  wire  drag  gauges,  and  blast  cubes  will 
be  arriving  during  the  weeks  of  8-12,  and  15-19  August  to  install  and  prepare 
their  various  item3. 


906 


IX.  Tunnel  Explosion  Test  Schedule 

At  the  time  of  this  writing#  the  dry  run  for  the  Tunnel  Explosion  Test  is 
scheduled  for  Friday,  19  August,  1988.  The  Tunnel  Explosion  Test  is  scheduled 
for  24  August,  1988  at  1030  hours. 


FICUM 


Tunnat  Sit*  location  ntf 


FIGURE  3B.  Tunnel/Chambur  Cross- 
Sections  as  presented  in  specification 
pack  for  prospective  bidder. 
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FIGURE  A.  Excavation  of  rock  at 
portal  site,  following  surface  blasting 
operations. 


FIGURE  6.  Drilling  to  establish  tunnel 
opening.  Note:  First  shot  on  the  tunne 
resulted  in  caving  of  highly  fractured 
rock  from  the  top  and  sides  of  the 
blast  area. 


FIGURE  8.  View  from  above  looking 
down  on  portal  apron  forms,  portal 
arch  footing,  and  tunnel  entrance. 


FIGURE  13.  View  of  chamber  during 
shotctete  application.  Photo  taken 
along  centerline  bearing. 


FIGURE  14.  Granodiorite  host  rod 
Note:  Many  clay  filled  fractures 
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Abstract 

The  paper  describes  1:24.8  scale  tests  of  the  shallow  underground  assami- 
tlon  magazine  test  (1/2  scale)  planned  to  be  carried  out  at  the  Naval  Weapons 
Center  (NWS),  China  Lake,  CA,  late  in  1988.  The  objective  of  these  Ad  Hoc  Model 
Tests  was  to  acquire  Information  which  could  serve  as  a  guide  when  preparing  the 
data  acquisition  plan  for  the  large  test  at  NWC.  Two  tests  were  carried  out. 
One  test  with  sand  around  a  thin  steel  structure,  to  simulate  an  extremely  poor 
rock,  and  one  test  using  concrete,  to  simulate  a  high  quality  rock.  Blast 
gauges  were  Installed  in  the  tunnel  and  on  radial s  at  different  distances  out¬ 
side.  Oak  and  aluminium  cubes  were  located  outside  to  observe  the  throw  dis¬ 
tance  and  thereby  indirectly  measure  the  dynamic  pressure  impulse.  Aluminium 
rods  were  Imbedded  In  the  sand/concrete  above  the  tunnel  and  storage  chamber  in 
order  to  determine  the  throw  distance  of  the  scattered  overburden.  Over¬ 
pressure-distance,  impulse-distance,  and  throw-distance  tables  and  curves  are 
presented.  The  blast  waves  emerging  through  the  overburden  can  be  distinguished 
from  the  blast  wave  emerging  from  the  tunnel.  More  energy  is  dissipated  into 
sand  than  into  concrete. 
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mESTRACT 


The  paper  describes  1:24.8  scale  tests  of  the  shallow  underground  ammu- 
nltion  magazine  test  (1/2  sca"ie)  planned  to  be  carried  out  at  the  Naval 
Weapons  Center  (NWS),  China  Lake,  CA,  late  In  1938.  The  objective  of 
these  Ad  Hoc  Model  Tests  was  co  acquire  Information  which  could  serve  as 
a  guide  when  preparing  the  data  acquisition  plan  for  the  large  test  at 
fiWC.  Two  tests  were  carried  out.  One  test  with  sand  around  a  thin  steel 
structure,  to  simulate  an  extremely  poor  rock,  arrt  one  test  using  con¬ 
crete,  to  simulate  a  nigh  quality  rock.  81ast  gauges  were  Installed  in 
the  tunnel  and  on  radials  at  different  distances  outside.  Oak  and  alu¬ 
minium  cubes  were  located  outside  to  observe  the  throw  distance  and 
thereby  Indirectly  measure  the  dynamic  pressure  impulse.  Aluminum  reds— 
were  imbeded  In  the  sand /concrete  above  the  tunnel  and  storage  chamber  In 
order  to  determine  the  throw  distance  of  the  scattered  overburden. 
Overpressure-distance,  impulse-distance,  and  throw-distance  tables  arrt 
curves  are  presented.  The  blast  waves  emerging  through  the  overburden 
can  be  distinguished  from  the  blast  wav'  emerging  from  the  funnel.  More 
energy  is  dissipated  Into  sand  than  into  concrete. 
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1 .  INTRODUCTION 

A  large  scale  Shallow  Underground  Amunltlon  Magazine  Test  is  planned  to 
be  carried  out  at  Naval  Weapons  Center  (NWC),  China  Lake,  California.  The  test  is 
jointly  sponsored  by  UK,  USA  and  Norway  and  financially  supported  also  by  France, 
Switzerland  and  Sweden.  The  main  objective  of  the  test  is  to  determine  the  effect 
of  rupturing  the  overhead  cover  of  an  underground  chamber  by  observing: 

a.  The  break-up  and  Initial  velocity  of  the  overhead  cover  and  the 
scatter  of  crater  ejecta. 

b.  Scatter  of  fragments  and  debris  thrown  out  through  the  tunnel  by  the 
dynamic  forces  of  the  blast  wave. 

c.  Blast  propagation  from  the  storage  chamber,  through  the  exit  tunnel 
and  through  the  crater. 

d .  Ground  shock 

The  objective  of  the  Ad  Hoc  Model  Tests  was  to  acquire  Information  which 
could  serve  as  a  guide  when  preparing  the  data  acquisition  plan  for  the  large  scale 
test: 


a.  Position  and  setting  of  blast  gauges 

b.  Initial  position  and  recovery  area  of  artificial  debris 

-  rods  embedded  In  the  surface  above  the  tunnel  and  chamber 

-  cubes  placed  inside  the  tunnel  and  arranged  on  radial s  outside 

c.  Collecting  area  for  crater  ejecta 

d.  Film  rates  and  area  to  look  at 
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2.  TEST  set  up 

Two  tests  at  a  linear  scale  of  1:24.8  were  carried  out: 

•  One  with  sand  arrcund  a  thin  steel  structure  to  simulate  an  ex- 

3 

tremely  poor  rock  (Density  1800  kg/m  ) 

•  One  with  concrete  arrourd  a  thin  steel  structure  to  simulate  a  high 
quality  rock.  (Density  2400  kg/m^) 

A  drawing  of  the  steel  and  concrete/sand  structure  Is  shown  In  Figure  1 
and  a  sketch  of  the  layout  at  the  test  site  Is  shown  In  Figure  2. 

Blast  gauge  lines  were  arranged  as  shown  In  Table  1 

Table  1.  Blast  gauge  lines. 


Direction 

01  stance 
(m) 

Measuring 
Point  No. 
(K?) 

0° 

17 

3 

30 

4 

Extended 

center! ine 

53 

5 

15 

6 

27 

7 

30# 

37  (Test  2,  concrete) 

8 

48  (Test  1,  sand) 

O 

O 

AO 

12 

9 

20 

10 

Measuring  point  1  and  2  (MP1  and  MP2)  were  located  In  the  floor  on  the 
centerline  of  the  tunnel  -  flush  mounted  -  and  separated  100  nan.  Gauges  and  Instru¬ 
mentation  used  are  shewn  In  Figure  3. 

Aluminium  and  oak  cubes  -  40  mm  x  40  mm  x  40  nan  -  were  placed  outside 
the  tunnel  exit  as  shown  in  Table  2: 
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Table  2.  location  of  cubes. 


Distance,  m  j 

Direction 

Test  1,  Sand 

Test  2,  Concrete 

0° 

1 

1 

6 

2 

12 

3 

30° 

1 

1 

6 

2 

12 

3 

60° 

1 

1 

6 

2 

12 

3 

The  average  weight  of  the  cubes  were: 

Alunlnlum:  170  grains 

Oak  :  44,2  grams 

The  aluminium  rods  -  diameter  20  mm,  length  20  mm  -  with  a  bolt  screwed 
Into  one  end  onto  which  a  strip  of  cloth  was  fastened  were  subtly  embedded  Into 
the  surface  of  the  sand/concrete  overburden  directly  above  the  tunnel /chamber.  The 
exact  locations  are  shown  In  Figure  4. 

The  weight  of  the  rods  were: 

•  Rod  only  15.3  grams 

•  Rod  and  bolt  30.2  grams 

location  and  type  of  technical  cameras  are  shown  In  Figures  2  and  4. 
Explosive  used  was  1.40  kg  C4  formed  as  a  sausage  approximately  600  mm 
long.  This  “sausage*'  was  located  In  the  center  of  the  chamber  and  initiated  from 
the  end  facing  the  tunnel  exit.  The  loading  density  Is  64.59  kg/m3  (Chamber  alone). 

3 

If  the  tunnel  Is  Included  In  the  volume,  the  loading  density  will  be  43.51  kg/m  . 
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NEATHES  CONDITIONS 


Both  tests  were  carried  out  Thursday  15  Oct  1987  at  the  Raufoss  test 
site.  Speed  of  sound  (Accustlc  speed  -  a)  was  333  meters  per  second  and  the  baro¬ 
metric  pressure  931  mbar  (ambient  pressure.  Pa).  It  was  overcast  with  heavy  con¬ 
tinuous  rain. 

4.  RESULTS 

4.1  Air  Blast 

Pressure-time  histories  are  shown  In  Appendix  A.  Because  of  the  com¬ 
plexity  of  the  pressure-time  history  In  the  tunnel,  peak  pressure  (PO)  In  the  tunnel 
close  to  the  exit  were  calculated  using  the  ideal  gas  equation: 

ff-TM"2-1) 

Y  *  ratio  of  heat  capacity  *  cp/cu  *  1.4 

as 

m  *  Mach  number  * 

fl 

a  ■  sound  velocity 

a$  »•  shock  wave  velocity  based  on  travel  time  from  MP1  to  MP2 

The  Po  found  this  way  were: 

Test  i.  Sand:  5.361  MPa  (Test  site  or 

5.758  Mpa  when  corrected  to  sea  level  (1000  mbar) 

Test  2  concrete:  5.575  MPa  (Test  site)  or 

5.988  MPa  when  corrected  to  sea  level  (1000  mbar) 

The  peak  pressures  measured  outside  the  tunnel  are  shown  in  Table  3,  the 
impulses  in  Table  4  and  the  scaled  distances  and  scaled  pressures  are  shown  In  Table 

5.  These  tables  are  also  presented  as  diagrams  in  Figures  5,  6  and  7. 

Time  of  arrival  is  shewn  In  Table  6  and  In  Figure  8.  Pressure  waves 
exiting  through  cracks  In  the  overburden  have  been  observed  for  test  2.  The  mea¬ 
sured  peak  pressures  are  shown  in  Table  3.  These  pressures  are  not  presented  in  any 
diagram. 


The  distance  (d)  -  pressure  (Po)  relations  derived  from  Figure  7  are: 


Sand: (30°) 


0.42 


(Po) 


0,75 


p 

Concrete  CO® ) 


J-o-eoiM 


0,75 


d  ■  distance  frcm  the  tunnel  exit 
0  *  Equivalent  hydraulic  diameter  of  the  tunnel 
Po  *  Peak  overpressure  In  the  tunnel  close  to  the  exit 
P  »  Peak  overpressure  at  distance  d 


4.2  Break  up  of  overhead  cover  and  scatter  of  ejecta 

Both  tests  resulted  In  the  break  up  of  the  overhead  cover  (Scaled  over¬ 
head  cover  ranged  from  about  0.3  to  0.5  m/kg  ^3).  The  crater  diameter  was  about  3 
m.  The  visual  crater  bottom  was  close  to  the  tunnel /chamber  floor.  The  distance 
(vertical  )-t1me  history  of  the  overburden  as  seen  by  the  camera  behind  the  Installa¬ 
tion  Is  shewn  In  Figure  9.  Based  on  these  figures  the  velocities  of  the  overburden 
were  found  to  be: 

Sand  :  33.3  m/sec 
Concrete:  25  m/sec 

The  max  throw  distances  assuming  no  drag  (vacuum)  and  45*  elevation  of 
ejection  would  be  110  m  and  62  m.  The  observed  maximum  throw  distances  of  concrete 
debris  were  as  follows: 


0* 

70 

a  (landed  on  asphalt  pad  and  rolled?) 

30* 

37 

m 

60* 

22 

m 

90* 

6 

.5  m 

180* 

3 

m 

All  these  distances  ar*  measured  from  the  tunr  1  exit. 


Table  3.  Distance  -  overpressure. 


Direction 

Distance* 

(m) 

Test  1 

Sand 

Overpressure 

(Pa) 

Test  2 
Concrete 
Tunnel 

Overpressure 

(Pa) 

Test  2 
Concrete 
Crater 
Overpressure 
(Pa) 

0* 

17 

B'V- 

2914.4 

2450 

30 

i 

1503.7 

700 

53 

782.88 

430 

30* 

15 

n 

4534.2 

2300 

27 

2238.3 

1480 

37 

1607.6 

1100 

48 

498.68 

---- 

60° 

12 

2571.3 

5575.0 

■Hi 

20 

1753.6 

2500.2 

2800 

T 


Distances  are  referenced  to  the  tunnel  exit. 
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Direction 


Distance 

(m) 


) 

1 

Distance 

Direction  (m) 

Test  1 

Sand 

Impul se 
(Pa  ms) 

Test  2 
Concrete 
Impul  se 
(Pa  ms) 

0° 

17 

5022.5 

30 

4606.3 

53 

2332.8 

30* 

15 

mmmm 

11105.0 

27 

1500.5 

6346 .9 

37 

---- 

4632.2 

48 

954.71 

— — 

60° 

12 

3375.8 

11256.0 

20 

2696.2 

10291.0 

Distances  are  referenced  to  the  tunnel  exist. 


Table  5.  Scaled  distance  and  scaled  overpressure. 


Direction 

01  stance 
(m) 

Scaled 

Distance 

d 

IT 

D  «  Q.112S67  m 

Scaled  Overpressure 

Po 

In¬ 

concrete 

Po  *  55^5000  Pa 

Fo 

P- 

Sand 

Po  »  5361000  Pa 

0° 

17 

150.62 

1913.93 

3748.94 

30 

265.80 

3697.21 

5964.81 

53 

469.58 

7129.96 

— — 

30° 

15 

132.90 

1230.20 

27 

239.22 

2492.06 

5666.23 

37 

327.82 

3469.75 

.... 

48 

425.28 

---- 

10750.37 

60° 

12 

106.32 

1000.42 

2084.93 

20 

177.20 

2231.02 

3057.13 

Direction 

Distance 

100 

mm 

0* 

17 

m 

0° 

30 

sa 

0° 

53 

m 

30° 

15 

m 

30° 

27 

m 

30* 

37 

m 

30° 

48 

m 

60° 

12 

m 

60® 

20 

m 

Table  6.  Time  of  arrival  (Reference  HP1). 


Test  1,  Sand 
(ms) 


Test  2, 

Concrete 

1  (ms) 

o. 

043 

42, 

5 

80, 

- 

149, 

5 

36, 

5 

71, 

5 

101, 

' 

5 

29, 

5 

52 

The  throw  distances  of  the  aluminium  rods  are  shown  In  Table  7: 
Table  7.  Throw  distance  aluminium  (rods). 


Rod  Number 
(See  Figure  2) 

Throw  Distance,*  m 

Test  1 

Test  i 

1 

♦  2.8 

+  9.84 

2 

♦10.9 

+15.64 

3 

♦63 

♦44.14 

4 

+21 

+27.94 

5 

♦  6.1 

+  2.64 

6 

-12  (Rolled 

♦  1.04 

downhill?) 

7 

-  2.8 

-  0.68 

8 

-  0.7 

-  0.56 

9 

-  0.3 

-  0.25 

10 

0 

0 

f - ' - 1 - 

Distances  are  referenced  to  the  original 
locations  of  the  rods. 


The  film  proved  to  be  to  dark  to  be  able  to  distinguish  the  rods  from 
smoke,  dust  and  sand/concrete.  The  ejection  angle  and  the  trajectory  could 
therefore  not  be  determined. 


Throw  of  cubes 

The  throw  distances  for  cubes  are  shown  In  Table  8  and  9: 


Table  8.  Test  1,  sand. 


Position 

Throw  Dlsl 

iance,  m 

Direction 

tltiiuiiml— 

I 

1 

0° 

l 

6 

12 

0.63  and  1.0 

7.6  and  6.43 

• 

o 

ro 

1 

6 

12 

0.7  and  0.2 

2.95  and  0.7 

0 

O 

to 

1 

6 

12 

0.15  and  0 

0.8  and  0.37 

Table  9.  Test  1,  concrete. 


Position 

Throw  D1 

stance,  m 

Direction- 

I  I  I  li  — 

Al  umlniini 

0° 

1 

2.1  and  1.8 

20.25  and  10.05 

2 

1.15  and  0.9 

17.9  and  13.4 

3 

0.25  and  0.2 

3.5  and  2.05 

30* 

1 

0.80  and  0.55 

9.15  and  4.85 

2 

0.60  and  0.25 

3.75  and  3.55 

3 

0.10  and  0.5 

0.2  and  0.05 

60° 

1 

0.80  and  0,75 

8.25  and  1.0 

O 

t 

0  0 

0.05  and  0 

3 

0  0 

0  0 

These  results  are  plotted  in  Figure  10. 


5.  DISCUSSION  AND  RECOMMENDATION 

5.1  The  difference  between  HP1/W2  for  Test  1  (sand)  and  Test  2  (concrete) 
Is  noticeable.  The  pressure-time  history  for  Test  1  has  only  one  peak  and  blast 
waves  recorded  outside  have  also  one  peak  only.  For  Test  2  the  pressure-time  his¬ 
tory  Is  similar  to  Test  1  for  the  first  few  milliseconds  but  then  the  pressure  rises 
to  about  twice  the  pressure  at  the  front. 

This  second  peak  can  also  be  observed  outside.  It  Is  also  clearly 
demonstrated  that  this  second  peak  gradually  catches  up  with  the  first  peak.  At  MP 
05  (0°,  53  ra,  Page  A-8)  the  second  peak  Is  higher  than  the  first  peak. 

In  Figure  7,  the  first  peak  Is  used  as  Po.  When  the  second  peak  Is 
used,  the  curves  for  sand  and  concrete  fall  close  together.  This  may  be  a  coinci¬ 
dence  since  the  duration  (and  Impulse)  for  W>1/MP2  for  Test  2  Is  longer  than  for 
Test  1,  but  how  to  take  duration  Into  account  Is  as  of  now  not  validated. 

For  Test  2,  concrete,  a  distinct  separate  blast  wave  Is  observed  In  the 
0“  and  30°  direction  (Pages  A-6  to  A-ll)  arriving  about  10  ms  after  the  first  one. 
In  the  60*  direction  a  pressure  pulse  Is  observed  at  12  m  (Page  A-12).  This  is  also 
tne  nearest  measuring  point  and  similar  pressure  pulses  may  have  been  seen  also  In 
the  0°  and  30°  direction  If  gauges  had  been  Installed  closer  In.  This  pressure  wave 
has  developed  Into  a  strong  blast  wave  at  20  m  (Page  A-13).  It  Is  assumed  that  this 
separate  blast  wave  stems  from  pressure  waves  exiting  through  large  cracks  In  the 
overburden.  For  Test  1,  sand,  this  separate  blast  wave  is  not  seen  although  a  weak 
pressure  pulse  can  be  imagined. 

Both  peak  pressures  (first  peak)  and  impulses  are  larger  In  all  direc¬ 
tions  for  the  concrete  tost  than  fcr  the  sand  test  (Figures  5  and  6).  Time  of 
arrival  (Figure  3)  shows  also  a  slightly  higher  front  velocity  for  the  concrete  than 
for  the  sand  test.  It  seems  quite  obvious  that  more  energy  is  dissipated  Into  the 
sand  media  than  than  into  the  concrete  media.  Before  this  can  be  said  with  cer- 

“v 

talnty,  several  more  elaborate  tests  have  to  be  carried  out. 

5.2  The  peak  pressure  (Po)  measured  in  the  tunnel  Is  not  very  well  defined 
(Page  A-l  -  A-5).  Blast  gauges  should  therefore  be  located  along  the  tunnel  (floor, 
wall  or  roof)  such  that  the  velocity  of  the  shock  front  can  be  determined  and  the 
peak  pressure  calculated  assuming  that  Ideal  gas  equations  can  be  used.  The 
pressure-time  history  shewn  in  Appendix  A  Is  felt  to  be  fairly  accurate  also  for  the 
large  shallow  underground  test  when  the  charge  Is  initiated  at  the  front  end. 


940 


5.3  The  environment  in  the  tunnel  is  such  that  direct  measurement  of  the 
djynamic  pressure  impulse  (or  particle  velocity  and  density)  Is  difficult.  Since  the 
(dynamic  pressure  impulse  in  the  tunnel  is  very  important  far  the  judgement  of  debris 
hazard.  It  is  recommended  to  use  calibrated  cubes  located  in  the  tunnel  and  observe 
the  throw  distances  outside.  In  this  way  the  dynamic  pressure  impulse  in  the  tunnel 
may  be  determined  indirectly. 

5.4  The  dynamic  impulse  outside  the  tunnel  may  cause  considerable  damage. 
Very  little  is  know  quantitatively  about  the  magnitude  and  directivity.  It  is 
therefore  recommended  to  use  cubes  on  several  radial s  at  different  distances  to 
observe  the  throw  distances  and  thereby  be  able  to  determine  the  dynamic  pressure 
Impulse  indirectly.  At  a  few  (3)  stations  it  Is  recommended  to  colocate  cubes  and 
blast  diagnostic  stations  (side  on  pressure,  head  on  pressure  and  density)  in  order 
to  be  able  to  "calibrate*  the  cubes.  The  debris  hazard  for  the  blast  diagnostic 
stations  and  the  minimum  acceptable  throw  distances  for  the  cubes  have  to  be 
balanced.  Based  on  the  result  from  these  model  tests  it  is  recommended  to  locate 
the  blast  diagnostic  stations  on  the  15°,  30"  and  45"  radial  at  a  distance  of  50  a 
to  75  m. 

5.5  Table  3  and  Figure  5  can  be  used  for  location  and  setting  of  side  on 
blast  gauges  in  the  0"  to  60°  direction.  For  overpressures  In  other  directions  the 
following  directivity  factors  could  be  used: 

0"  -  I  Reference 
30"  -  1  (Hay  be  larger  than  1) 

60"  -  0,  7 
90°  -  0,  3 
180°  -  0,  1 

The  data  base  for  equations  presented  in  paragraph  4.1  on  page  5  are 
very  limited  and  the  overpressure  range  Investigated  is  also  narrow— 0.5  kPa  to  5.5 
kPa.  The  exponent  0.75  should  be  used  with  caution.  Previous  investigations  have 
shown  that  the  exponent  may  be  as  high  as  0.90  for  low  overpressures  and  as  low  as 
0.6  for  overpressures  in  the  50  kPa  range.  Reference  is  made  to  Figure  11  where  the 
variation  of  the  exponent  with  overpressure  is  given  for  a  range  of  overpressures. 
This  figure  was  provided  by  Hr.  Charles  Needham,  S-Cubed  in  Albuquerque. 
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5.6  It  Is  highly  recommended  to  embed  large  aluminium  rods  or  steel  tubes 
filled  with  reinforced  concrete  (SIFCON)  on  the  surface  above  the  tunnel  and  cham¬ 
ber.  The  velocity  of  these  will,  based  on  the  result  from  these  model  tests,  be 
between  25  m/sec  and  40  m/sec;  therefore,  the  camera  frame  rates  do  not  need  to  be 
very  high.  It  will  be  difficult  to  see  these  rods  or  tubes.  They  should  therefore 
be  as  large  as  possible  and  also  marked  with  a  piece  of  cloth  or  have  a  light  or 
smoke  tracer  Incorporated. 

5.7  Smoke  trails  have  previously  been  used  with  success  to  observe  direction 
and  velocity  of  air  molecules.  These  trails  give  air  blast  time  of  arrival  as  well 
and  thereby  Indirectly  the  peak  pressure. 

The  blast  propagation  close  to  the  tunnel  exist  Is  complex  and  It  Is 
difficult  to  properly  Install  a  large  number  of  blast  gauges  which  also  will  survive 
(debris,  etc.).  It  Is  recommended  to  use  several  (20)  smoke  trails  In  front  of  the 
exit  (0°)  and  above  the  tunnel  (180°). 

5.8  The  directivity  of  the  blast  wave  emerging  from  the  tunnel  Is  very  much 
dependent  on  the  exact  geometry  at  the  exit  and  the  topography  close  to  the  exit.  A 
wire  drag  gauge  has  bean  used  (Suffleld  Technical  Note  No.  80)  to  observe  the  sym¬ 
metry  of  the  blast  wave  around  large  charges,  the  direction  of  ground  zero  and  to 
give  the  approximate  yield  of  the  charge.  It  is  recommended  to  use  wire  drag  gauges 
on  several  radlals  at  5  k?a  and  20  kPa  overpressures. 

5.9  Many  <■» f  the  problems  encountered  In  understanding  the  blast  and  flow 
field  could  be  alleviated  by  performing  a  high-quality  hydrodynamic  computer  code 
calculation  of  the  test  configuration,  and  It  Is  recommended  that  this  be  under¬ 
taken.  It  Is  easy  to  place  a  large  number  of  measurement  points  In  a  calculation, 
and  hence  the  development  of  features  of  the  blast  wave  can  be  monitored  where 
experimental  data  Is  lacking.  Fidelity  of  the  calculations  can  be  verified  by 
comparison  with  experimental  data  records  acquired  at  a  few  key  points,  If  measure¬ 
ments  as  proposed  In  paragraphs  5.2,  5.3,  5.4,  5.7  and  5.8  are  carried  out.  In 
aodltlon,  parameters  not  easily  measured  directly,  such  as  air  flow  velocity,  dynam¬ 
ic  pressure  and  dynamic  pressure  Impulse  In  all  directions,  are  directly  available 
from  calculated  results. 
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APPENDIX  A 

Pressure-Time  Histories 
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APPENDIX  B 

Documentary  Photographs 


.Aluminium  rod  with  bolt  and  cloth  strip 
Oak  and  aluminium  cubes* 


-Sand  model  after  test  seen  from  SOUTH 
Camera  1  on  top  of  berm. 


Sami  model  after  test  seen  from  top  of  the  bem 
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■Concrete  model  after  test 


een  from  SOUTH 


Close  up  of  tunnel  exit 
Concrete  model. 
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Concrete  model  after  test  seen  from  WEST 


Concrete  model  after  test  seen  fro#  the  top 
of  t^e  soil  bera. 


•Concrete  model  after  test  seen  from  the  top 
of  the  soil  berm  after  that  some  debris  have 
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SHEAR  REINFORCEMENT  IN  BLAST -RESISTANT  DESIGN 
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The  use  of  shear  reinforcement  and,  if  used,  the  typo  and  amount  of 
shear  reinforcing  selected  can  have  a  significant  effect  on  the  cost  of 
construction.  Shear  reinforcement,  i.e.,  reinforcement  tying  the  mats  of 
principal  reinforcement  together,  used  in  blast-resistant  design  usually 
consists  of  either  lacing  or  singla-leg  stirrups  (see  Figure  1). 

Lacing  bars  are  reinforcing  bars  that  extend  in  the  direction  parallel 
to  the  principal  reinforcement  an*',  are  bent  into  a  diagonal  pattern  between 
mats  of  principal  reinforcement.  The  lacing  bars  enclose  the  transverse 
reinforcing  bars  which  are  placed  outside  the  principal  reinforcement.  The 
cost  of  using  lacing  reinforcement  is  considerably  greater  than  that  of 
using  single-leg  stirrups  due  to  the  core  complicated  fabrication  and 
installation  procedures.  Most  blast  resistant  cesign  guides  and  manuals 
stipulate  the  use  of  shear  reinforcement  irrespective  of  shear  stress 
levels.  In  blast  resistant  designs,  the  primary • purpose  of  this  type  of 
reinforcement,  normally  considered  to  be  shear  reinforcement,  is  not  to 
resist  shear  forces  but  rather  to  improve  performance  in  the  large 
deflection  region  by  tying  the  two  principal  reinforcement  mats  together. 

Requirements  for  shear  reinforcement  are  based  primarily  on  data  from 
static  beam  tests,  and  its  primary  purpose  is  to  prevent  the  formation  and 
propagation  of  diagonal  tension  cracks.  Very  little  study  has  been  devoted 
to  examining  the  role  of  this  type  of  reinforcement  in  slabs  under 
distributed  dynamic  loads,  especially  in  the  large  deflection  regime.  In 
blast  resistant  design,  structures  are  typically  designed  to  survive  only 
one  loading  and  relatively  large  deflections  are  acceptable  as  long  as 
catastropic  failure  is  prevented.  There  exist  a  considerable  amount  of  data 
that  indicate  the  extensive  shear  reinforcement  typically  required  in  blas(t 
resistant  design  may  be  excessive.  A  bettor  understanding  of  the  role  of' 
shear  reinforcement  should  allow  the  design  of  lower  cost  structures  without 
loss  of  blast  resistant  capacity. 

CURRENT  PRACTICE 

In  civilian  practice  the  primary  source  of  design  guidance  for 
placement  of  reinforcing  steel  in  reinforced  concrete  structures,  including 
shear  reinforcement,  is  the  American  Concrete  Institute's  ACI  318-83 
(Reference  1).  No  such  single,  widely  accepted  criteria  document  exists  for 
blast  resistant  design  guidance;  however,  the  most  widely  used  reference  _.t 
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the  area  of  designing  for  explosive  safety  is  the  Tri-Service  Manual, 
"Structures  to  Resist  the  Effects  of  Accidental  Explosions,"  (References  2 
and  3) .  Other  references  for  guidance  include  the  Artsy  manual  on  Protective 
Construction,  TK  5-855-1  (Reference  4)  and  the  MATO  Setaihardened  Design 
Criteria  document  published  by  the  U.S.  Air  Force  (Reference  5).  A  summary 
of  the  guidance  for  shear  reinforcement  from  each  of  these  references 
follows . 


The  Tri-Service  Manual.  "Structures  to  Resist  the  Effects  of  Accidental 
Explosions".; 

The  Tri-Service  Manual  is  the  most  widely  used  manual  for  structural 
design  to  resist  blast  effects.  Its  Army  designation  is  TM  5-1300,  for  the 
Mavy  it  is  NAVFAC  P397,  and  for  the  Air  Force  it  la  AFM  88-22.  For 
convenience  it  will  be  referred  to  as  TM  5-1300  (Reference  2)  in  this  paper. 
A  recently  completed  revision  of  TM  5-1300  is  available  in  draft  form  and 
criteria  from  volume  IV  of  the  draft  (Reference  3)  will  also  be  discussed 
here. 

In  Section  3-11  of  TM  5-1300  (Reference  2),  the  use  of  lacing  (see 
Figure  1)  is  required  for  "close-in"  detonations,  i.e.  whenever  pressures 
much  larger  than  200  psi  are  expected.  The  use  of  unlaced  concrete  elements 
is  allowed  at  lower  pressures  if  support  rotations  of  less  than  2  degrees 
are  predicted. 

In  volume  IV  of  the  new  draft  version  of  TM  5-1300  (Reference  3)  these 
restrictions  are  relaxed  slightly.  Considering  the  resistance-deflection 
relationship  for  flexural  response  of  a  reinforced  concrete  element, 

Section  4-9.1  of  the  manual  states  that,  within  the  range  following  yielding 
of  the  flexural  reinforcement,  the  compression  concrete  crushes  at  a 
deflection  corresponding  to  2  degrees  support  rotation.  This  crushing  of 
the  compression  concrete  is  considered  to  be  "failure*  for  elements  without 
shear  reinforcement.  For  elements  with  shear  reinforcement  (single-leg 
stirrups  or  lacing  reinforcement)  which  properly  tie  the  flexural 
reinforcement,  the  crushing  of  the  concrete  results  in  a  slight  loss  of 
capacity  since  the  compressive  force  is  transferred  to  the  compression 
reinforcement  As  the  reinforcement  enters  into  its  strain-hardening 
region,  the  resistance  increases  with  increasing  deflection.  Section  4-9.1 
of  the  manual  states  that  single -leg  stirrups  will  restrain  the  compression 
reinforcement  for  a  short  time  into  its  strain  hardening  region  until  ' 
failure  of  the  element  occurs  at  a  support  rotation  of  4  degrees.  It  • 
further  states  that  lacing  reinforcement  will  restrain  the  flexural 
reinforcement  through  its  entire  strain-hardening  region  until  tension 
failure  of  the  principal  reinforcement  occurs  at  a  support  rotation  of  12 
degrees.  Draft  TM  5-1300  distinguishes  between  a  "close-in"  design  range 
and  a  "far”  design  range  for  purposes  of  predicting  the  mode  of  response. 

In  the  far  design  range,  the  distribution  of  the  applied  loads  i3  considered 
to  be  fairly  uniform  and  deflections  required  to  absorb  che  loading  are 
comparatively  small.  Section  4-9.2  states  that  non-laced  elements  are 
considered  to  be  adequate  to  resist  the  far-design  loads  with  ductile 


behavior  within  the  constraints  of  the  allowable  support  rotations 
previously  discussed.  The  design  of  the  element  to  undergo  deflections 
corresponding  to  support  rotations  between  4  and  12  degrees  requires  the  use 
of  laced  reinforcement.  An  exception  is  when  the  element  has  sufficient 
lateral  restraint  to  develop  in-plane  forces  in  the  tens lie -membrane  region 
of  response.  In  this  case,  Section  4-9.2  states  that  the  capacity  of  the 
element  increases  with  increasing  deflection  until  the  reinforcement  fails 
in  tension.  A  value  of  support  rotation  is  not  given  here,  but  one  night 
deduce  that  a  support  rotation  of  12  degrees  is  intended  since  it  is  the 
value  given  in  Section  4-9,1  for  tension  failure  of  the  reinforcement  in  a 
laced  slab.  However,  a  value  of  8  degrees  is  given  elsewhere  in  the  draft 
manual  as  a  limit  of  support  rotation  for  elements  containing  stirrups  and 
experiencing  tensile  membrane  behavior. 

Section  4-9.3  of  the  Draft  TM  5-1300  discusses  ductile  behavior  in  the 
close-in  design  range.  Again,  the  maximum  deflection  of  a  laced  element 
experiencing  flexural  response  is  given  as  that  corresponding  to  12  degrees 
support  rotation.  This  section  statec  the  following: 

"Single  leg  stirrups  contribute  to  the  integrity  of  a 
protective  element  in  much  the  same  way  as  lacing,  however,  the 
stirrups  are  le3s  effective  at  the  closer  explosive  separation 
distances.  The  explosive  charge  must  be  located  further  away 
from  an  element  containing  stirrups  than  a  laced  element.  In 
addition,  the  maximum  deflection  of  an  element  with  single  leg 
stirrups  is  limited  to  4  degrees  support  rotation  under  flexural 
action  or  8  degrees  under  tension  membrane  action.  If  the 
charge  location  permits,  and  reduced  support  rotations  are 
required,  elements  with  single  leg  stirrups  may  prove  more 
economical  Chan  laced  elements." 

Section  4-25.3  of  the  Draft  TM  5-1300  explains  that  for  simplicity,  the 
energy  absorbed  under  the  actual  resistance-deflection  curve  with  a  maximum 
support  rotation  of  12  degrees,  is  approximated  with  an  elastic-plastic 
mode]  having  a  maximum  support  rotation  of  8  degrees  as  shown  in  Figure  4-18 
of  the  manual  and  Figure  2  c £  this  paper.  Dus  to  the  use  of  this  model,  one 
might  presume  that  the  criteria  for  maximum  support  rotation  is  identical 
for  non- laced  elements  with  lateral  support  and  laced  elements.  However,  no 
such  elastic-plastic  analogy  is  given  for  laced  slabs.  All  other  discussion 
in  the  draft  manual  indicates  that  the  12  degrees  support  rotation  for  laCed 
elements  is  not  equivalent  to  the  12  degrees  support  rotation  for  non-laaed 
elements  modeled  with  8  degrees  using  the  elastic-plastic  curve.  For  • 
example.  Section  4-32  states: 

"...  Also,  the  blast  capacity  of  laced  elements  are  greater 
than  corresponding  (same  concrete  thickness  and  quantity  of 
reinforcement)  elements  with  single  leg  stirrups.  Laced 
elements  may  attain  deflections  corresponding  to  12  degrees 
support  rotation  whereas  elements  with  single  leg  stirrups  are 
designed  for  a  maximum  rotation  of  8  degrees.  These  non-laced 
elements  must  develop  tension  membrane  action  in  order  to 
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develop  this  large  support  rotation.  If  support  conditions  do 
not  permit  tension  membrane  action,  lacing  reinforcement  must  be 
used  to  achieve  large  deflections." 

It  is  implied  throughout  Draft  TM  5-1300  that  laced  elements  may  attain 
support  rotations  of  12  degrees  whether  they  are  restrained  against  lateral 
movement  or  not.  The  manual  also  implies  that  a  non-laced  element  may  only 
achieve  Its  maximum  support  rotation  of  8  degrees  when  it  is  restrained 
against  lateral  movement. 

In  addition  to  being  required  far  large -deflection  behavior,  lacing 
reinforcement  is  required  in  slabs  subjected  to  blast  at  scaled  distances 
less  than  1.0  ft/(ibsAl/3) .  Section  4-9.4  of  the  Draft  TM  5-1300  indicates 
that  lacing  reinforcement  is  required  due  to  the  need  to  limit  the  effects 
of  post-failure  fragments  resulting  from  flexural  failure.  It  is  implied 
that  the  size  of  failed  sections  of  laced  elements  is  fixeo  by  the  location 
of  the  yield  lines,  whereas  the  failure  of  an  'unlaced  element  results  in  a 
loss  of  structural  integrity  and  fragments  in  the  form  of  concrete  rubble. 
Section  4-22  discusses  the  use  of  single-leg  stirrups  in  slabs  rt  scaled 
distances  between  1.0  ar.d  3.0.  Support  rotations  in  slabs  with  stirrups  are 
limited  to  4  degrees  in  the  close-in  design  range  unless  support  conditions 
exist  to  induce  tensile  membrane  behavior.  In  addition,  a  non-laced  element 
designed  for  small  deflections  In  the  closa-in  design  range  is  not  reusable 
and,  therefore,  cannot  sustain  multiple  incidents. 

AlELjCSSbBigfll  flapual  JJLSlhl 

TM  5-655-1  (Reference  4)  is  intended  for  use  by  engineers  involved  in 
designing  hardened  facilities  to  re3i3t  the  effects  of  conventional  weapons. 
The  manual  includes  design  criteria  for  protection  against  the  effects  of  a 
penetrating  weapon,  a  contact  detonation,  or  the  blast  and  fragmentation 
from  a  standoff  detonation. 

Chapter  9  of  TM  5-855-1  discusses  the  design  of  shear  reinforcement. 

The  criteria  presented  is  primarily  based  on  the  guidance  of  AC1  318-83 
(Reference  1)  with  consideration  of  available  test  data.  The  maximum 
allowable  shear  stress  to  be  contributed  by  the  concrete  and  the  shear 
reinforcement  is  given  as  11.5}^f£")  for  design  purposes  as  compared  to 
8h/ni  given  by  ACI  318-83.  An  upper  bound  to  the  shear  capacity  of  members 
with  web  reinforcing  is  given  as  that  corresponding  to  a  100  percent  * 
increase  in  the  total  shear  capacity  outlined  by  ACI  31S-83  and  consisting 
of  contributions  from  the  concrete  and  shear  reinforcing.  An  important 
statement  concerning  shear  reinforcement  in  one-way  slabs  and  beams  is  given 
in  Section  9-7  and  reads  as  follows: 

"Some  vertical  wab  reinforcing  should  be  provided  for  all 
flexural  members  subjected  to  blast  loads.  A  minimus  of  50-psi 
shear  stress  capacity  should  be  provided  by  shear  steel  in  the 
form  of  stirrups.  In  those  cases  where  analysis  indicates  a 
requirement  of  vertical  shear  reinforcing,  it  should  be  provided 
in  the  form  of  stirrups." 


TH  5-855-1  states  that  shear  failures  are  unlikely  In  nonsally 
constructed  two-way  slabs,  but  that  the  possibility  of  shear  failure 
increases  in  some  protective  constrution  applications  due  to  high- intensity 
loads.  Shear  is  given  as  the  governing  mode  of  failure  for  deep,  square, 
two-way  slabs.  In  the  event  shear  capacity  is  required  above  that  provided 
by  the  concrete  alone,  additional  strength  can  be  provided  in  the  form  of 
vertical  and/or  horizontal  web  reinforcing.  For  beams,  one-way  slabs,  and 
two-way  slabs,  the  manual  recommends  a  design  ductility  ratio  of  5.0  to  10.0 
for  flexural  design. 

Alr.fprg.f-MTQ  Semlbayd  pe ? i.gl>_C.E.i ,£& ila 

The  purpose  of  the  document  (Reference  6)  is  to  give  guidance  for 
semihardened  and  protected  facilities  with  conventional,  nuclear, 
biological,  and  chemical  weapon  protection.  It  states  that  these  structures 
shall  be  designed  to  provide  a  ductile  response  to  blast  loading.  Ductility 
of  structural  members  is  considered  imperative  to  provide  structural 
economy,  energy  absorption  capability  and  to  preclude  catastrophic  (brittle) 
failures.  All  reinforced  concrete  sections  are  required  to  be  doubly 
reinforced  (both  faces)  in  both  longitudinal  and  transverse  directions. 

Where  flexural  response  is  significant,  the  structural  element  is  to  be 
reinforced  symmetrically ,  i.e.  the  compression  end  tension  reinforcement  is 
the  same.  The  use  of  stirrups  is  discussed  as  follows: 

"Ties  and/or  stirrups  shall  be  provided  in  all  members  to 
provide  concrete  confinement,  shear  reinforcement,  and  to  enable 
the  element  to  reach  its  ultimate  section  capacity.  Without 
stirrups,  cracking  and  dis lodgement  of  the  concrete  from  between 
the  reinforcement  layers  and  buckling  of  the  compression  steel 
usually  produce  failure  long  before  the  ultimate  strain  of  the 
reinforcement  and  the  maximum  energy  absorption  are  attained. 

Stirrups  contribute  to  the  integrity  of  the  element  in  the 
following  ways: 

a.  The  ductility  of  the  primary  flexural  steel  is  developed. 

b.  Integrity  of  the  concrete  between  the  two  layers  of 
flexural  reinforcement  is  maintained. 

c.  Compression  reinforcement  is  restrained  from  buckling. 

d.  High  shear  stresses  at  the  supports  are  resisted. 

a.  The  resistance  to  local  shear  failure  produced  by  the 
high  intensity  of  the  peak  blast  pressures  Is  increased. 

f.  Quantity  and  velocity  of  post-failure  fragments  are 
reduced.  Stirrups  shall  be  bent  a  minimum  of  135  degrees  around 
the  interior  face  steel  and  99  degrees  around  the  exterior  face 
steel.  Shear,  splice,  and  anchorage  details  shall  receive  added 
design  attention.  Designers  shall  refer  to  protective  design 


manuals  and/or  seismic  design  manuals  for  appropriate  details.” 

The  document  does  not  address  the  use  of  laced  reinforcement.  The 
above  list  of  ways  that  stirrups  enhance  the  integrity  of  structural 
elements  i3  similar  to  the  wording  given  in  TM  5-1300  for  the  ways  that 
lacing  enhances  the  integrity  of  structural  elements,  except  for  the  stirrup 
details  given  in  Item  f  above. 


The  above  review  indicates  that  guidance  documents  differ  considerably 
on  the  type  of  shear  reinforcement  required;  however,  the  use  of  some  type 
of  shear  reinforcement  is  uniformly  required  for  blast  design.  The  current 
TM  5-1300  (Reference  2)  limits  the  use  of  stirrups  to  those  elements 
designed  to  undergo  support  rotations  of  less  than  2  degrees.  The  Draft  TM 
5-1300  (Reference  3)  allows  the  use  of  stirrups  in  elements  designed  to 
undergo  support  rotations  of  up  to  8  degrees  for  scaled  ranges  greater  than 
one  and  when  restraint  against  lateral  support  movement  exists.  Lacing  bars 
are  required  by  References  2  and  3  for  most  cases  and  in  every  case  for 
"close-in"  detonations.  Although  TM  5-855-1  and  the  NATO  Semihardened 
Criteria  do  not  require  lacing,  they  do  require  some  form  of  shear 
reinforcement  in  all  elements  designed  to  resist  blast  loads. 

RELATED  RESEARCH 

Data  from  several  research  programs  investigating  structural  response 
to  static  and  blast  loads  over  the  past  10  years  indicate  that  reinforced 
concrete  structures  can  sustain  large  deflections  (rotations  In  excess  of  12 
degrees)  without  failure.  None  of  these  structures  had  Incod  reinforcement. 
Most  had  stirrup  reinforcement,  but  some  sustained  large  deflections  without 
failure  with  no  shear  reinforcement  at  all.  A  selected  sample  of  this  data 
is  summarized  below.  Although  no  specific  recommendations  for  revising 
current  design  guidance  can  be  made  based  on  this  data,  it  does  indicate 
that  a  well  desigrad  research  program  could  result  in  design  guidance  that 
allows  much  more  flexibility  in  the  use  of  shear  reinforcement  fer  blast 
resistant  design  without  degrading  the  structural  capacity  to  sustain  large 
deflections  safely.  Such  guidance  would  allow  the  designer  to  select  shear 
reinforcement  (or  design  around  it3  use)  to  arrive  at  the  least  costly 
design  for  a  specific  application. 

v 

Woodson  (Reference  6)  statically  tested  tan  one-way  reinforced  concrete 
slabs,  primarily  to  investigate  the  effects  of  stirrups  and  stirrup  details 
on  the  load  response  behavior  of  the  slabs.  The  slabs  were  rigidly 
restrained  at  the  supports  and  were  loaded  with  uniformly  distributed 
pressure.  The  slabs  had  span- to -effective -depth  ratios  of  about  12,  and 
principal  reinforcement  ratios  of  about  0.008  in  each  face.  Support 
rotations  between  13  and  21  degrees  were  observed  (see  Figure  3).  Due  to 
the  increase  in  resistance  with  increasing  deflections  of  a  slab  with  a 
large  number  of  single-leg  stirrups,  the  loading  of  the  slab  was  not 
terminated  until  support  rotations  were  approximately  21  degrees  (see  Figure 
4).  A  slat  having  no  shear  reinforcement  achieved  support  rotations  greater 


than  16  degrees  without  failure.  These  slabs  had  sufficient  lateral 
restraint  to  develop  in- plane  forces  in  the  tensile  membrane  region  of 
response.  In  this  case,  TM  5-1300  (Reference  2)  would  require  lacing  for 
support  rotations  greater  than  2  degrees  and  the  Draft  TM  5-1300  (Reference 
3)  would  allow  a  slab  with  single-leg  stirrups  to  undergo  maximum  support 
rotations  up  to  only  3  degrees.  The  slab  with  21  degrees  of  support 
rotation  contained  single-leg  stirrups  (135-degree  bend  on  one  end  and  a  9C- 
degr8e  bend  on  the  other  end)  spaced  at  about  0.4  d  (d  -  effective  depth  of 
slab).  The  maximum  spacing  allowed  in  the  Draft  TH  5-1300  is  0.5  d  and  180- 
degree  bends  are  required  on  each  end  of  the  stirrup  (an  expensive 
requirement) . 

Cuice  (Reference  7)  statically  tested  16  one-way  reinforced  concrete 
slabs  with  uniformly  distributed  load,  primarily  to  investigate  the  effects 
of  edge  restraint  on  slab  behavior.  Each  slab  contained  single-leg  stirrups 
spaced  at  approximately  1.5  d  (compared  to  a  minimum  of  about  0.5  d  required 
by  Reference  3).  Again,  the  stirrups  had  135  degree  bends  on  one  end  and  90 
degree  bends  on  the  other  end.  Support  rotations  of  about  20  degrees  were 
sustained.  Regardless  of  support  rotational  freedom,  the  testa  showed  that 
the  percentage  of  load  carried  by  tensile  membrane  action  is  dependent  upon 
the  .slab's  span -to -thickness  ratio.  Guice  'oncluded  that  elements  whicn 
have  a  span- to- thickness  ratio  of  about  15,  have  1.0  to  1.5  percent  of  steel 
in  each  face,  and  are  supported  with  a  relatively  large  lateral  stiffness 
and  a  moderate  rotational  stiffness  will  probably  result  in  a  structure 
which  best  combines  the  characteristics  of  strength,  ductility,  and  economy. 

Keenan  (Reference  8)  tested  four  laced  reinforced  concrete  one-way 
slabs.  All  slabs  were  supported  at  clamped  ends  and  longitudinally 
restrained.  One  slab  was  tested  wich  an  increasing  static  load  applied  by 
water  pressure,  and  the  other  three  slabs  wero  subjected  to  two  or  more 
short-duration  dynamic  leads.  Keenan  reported  that  the  rotation  capacity  at 
the  critical  sections  of  the  slab  was  greater  than  9.2  degrees,  but  could 
not  be  measured  due  to  safety  limitations  on  the  loading  device.  Slab 
behavior  was  similar  under  static  and  dynamic  load.  The  type  of  loading  did 
not  change  the  extent  of  cracked  or  crushed  concrete,  the  collapse 
mechanism,  the  mode  of  failure,  or  the  rotation  capacity  at  supports. 

Keenan  reported  that  the  stress  in  the  lacing  bars  at  the  hinges  wa3  Induced 
by  rotation  of  the  cross-section  in  addition  to  shear.  Lacing  bars  yielded 
at  raidspan,  where  the  shear  is  theoretically  zero.  No  lacing  bars  yielded 
under  static  load,  but  some  yielded  under  dynamic  load.  The  tests  showedv 
that  the  effects  of  rotation,  in  addition  to  shear,  should  be  considered  in 
designing  lacing  reinforcement  for  sections  near  a  support. 

Keenan  (Referen.ee  9)  tested  nine  reinforced  concrete  two-way  slabs. 

Six  slabs  were  tested  under  uniform  static  pressure,  and  three  slabs  were 
tested  under  dynamic  loads  of  long  duration.  The  slabs  were  square  and 
restrained  against  rotation  and  longitudinal  movement  at  the  edges.  Keenan 
discussed  the  observation  of  tensile -membrane  fragments  that  were  the  size 
of  the  reinforcing  mtsh  in  a  slab  that  contained  no  lacing  at  aidspan.  This 
slab  only  had  lacing  near  the  supports  and  contained  no  stirrups.  It  was 
observed  that  lacing  prevented  this  type  of  fragmentation  in  a  slab  wich 


lacing  at  midspan.  However,  lacing  did  not  prevent  severe  spalling.  It  was 
concluded  that  slabs  should  contain  lacing  or  closely  spaced  principal 
reinforcement  to  prevent  fragmentation  caused  by  dynamic  deflections  in  the 
tensile  membrane  region  of  behavior.  Hone  of  the  slabs  contained  stirrups. 

Although  the  new  Draft  TM  5-1300  does  not  address  the  use  of  closely 
spaced  principal  reinforcement,  test  data  indicate  that  using  smaller 
principal  reinforcing  bars  with  a  reduced  spacing  will  enhance  the  ductile 
response  of  slabs.  This  is  reported  by  Keenan  (References  9  and  10)  and 
Woodson  (Reference  6) . 

Slawson  (Reference  11)  dynamically  tested  eleven  shallow-buried 
reinforced  concrete  box  elements,  primarily  to  evaluate  dynamic  shear 
failure  criteria.  The  structures  were  subjected  to  high-pressure  (greater 
than  2000  psi  peak  pressure)  short-duration  loads.  Shear  reinforcement 
consisted  of  single-leg  stirrups  with  a  90-degree  bend  and  a  135-degree 
bend.  When  dynamic  shear  failure  occurred,  severing  the  roof  slab  from  the 
walls,  the  concrete  was  severely  crushed  and  fell  from  the  rcof  slab 
reinforcement  mats  wnen  lifted  from  the  floor  for  post- test  examination. 

The  one-way  roof  slabs  of  four  of  Slawson* s  structures  did  not 
experience  total  collapse.  One  of  these  roof  slabs,  having  a  span-to- 
effective -depth  ratio  of  10,  experienced  a  deflection  at  midspan  of  about  10 
inches  for  the  48- inch  clear  span  (about  23  degrees  support  rotation).  Some 
spalling  occurred  at  the  walls.,  but  the  rest  of  the  slab  was  cracked  without 
spalling  action  (see  Figure  5).  This  slab  contained  single-leg  stirrups 
spaced  at  about  0.8  d  with  two  stirrups  at  each  location.  The  remaining 
three  slabs  contained  one  single-leg  stirrup  at  each  location,  and  th« 
spacing  varied  from  about  0.25  d  near  the  supports  to  0.5  d  at  midspar.. 

These  slabs  had  span-to-effective-depth  ratios  of  7.  One  slab  responded 
predominantly  in  shear  with  a  permanent  midspan  deflection  of  about  4.5 
inches.  The  unloaded  face  of  the  slab  experienced  cracking  with 
disintegration  of  the  concrete  occurring  only  at  the  supports.  Another  roof 
slab  experienced  a  midspan  deflection  of  about  12  inches  (about  26  degrees 
support  rotation).  The  concrete  cover  spalled,  and  the  concrete  between  the 
principal  reinforcement  mats  was  broken  up  over  the  entire  span  but  did  not 
fall  from  the  reinforcement  cage  (see  Figure  6).  These  data  indicate  that 
slabs  with  single-leg  stirrups  can  resist  high-pressure  short -duration  loads 
without  tocal  collapse. 

v 

Several  experiments  have  been  conducted  on  buried  box- type  structures 
with  stirrups  (90-  and  135-  degree  bends)  as  shear  reinforcement.  In  . 
Reference  12' a  close-in  high  explosive  produced  a  wall  deflection  of  about 
10.5  inches  on  a  4-  by  16 -foot,  5. 6 -inch  thick  wall  (support  rotations  were 
about  24  degrees).  A  posttest  photograph  of  the  inside  of  the  wall  is  shown 
in  Figure  7.  This  same  box  structure  was  subjected  to  simulated  nuclear 
overpressures  (about  2000  psi  peak  pressures)  in  Reference  13.  Damage  to 
the  structure  buried  2  feet  deep  in  a  clay  backfill  is  shown  in  Figure  8. 
Permanent  deflection  was  about  6  inches  (about  14  degrees  support  rotation) , 
with  some  concrete  cover  broken  free.  In  another  simulated  nuclear 
overpressure  test  on  this  box  (Reference  14) ,  it  was  buried  10  inches  deep 


in  sand  and  loaded  at  abouC  2000  psi  peak  pressure.  Posttest  photographs  of 
the  structure  show  a  partial  failure  of  the  roof  (Figure  9)  and  again  some 
loss  of  concrete  cover  from  the  reinforcement  (Figure  10) .  Permanent  roof 
deflections  were  about  12.5  inches  (about  28  degrees  support  rotation). 
Although  the  roof  was  clearly  on  the  verge  of  collapse,  it  did  sustain  this 
level  of  damage  at  a  very  high  pressure  without  catastropic  failure. 

As  a  final  example,  a  full-scale  100-man  capacity  blast  shelter  was 
tested  in  a  simulated  nuclear  overpressure  environment  (see  Reference  15). 
The  3-bay  structure  had  a  roof  span  of  about  11  feet  for  each  bay,  a  roof 
thickness  of  about  10.25  inches,  and  average  tension  and  compression  steel 
ratios  of  0.011  and  0.0036,  respectively.  Some  principal  steel  (25  percent) 
was  "draped"  so  that  it  served  as  tensile  reinforcement  at  both  the  supports 
(top)  and  center  (bottom)  of  the  roof.  No  shear  reinforcement  was  used  in 
the  roof,  and  the  bottom  face  of  the  roof  was  corrugated  sheet  metal  that 
served  as  form  work  and  effectively  prevented  spallation  of  the  concrete 
from  the  roof.  A  posttest  view  of  the  interior  of  Bay  1  is  shown  in  Figure 
11.  Maximum  roof  deflection  was  17  inches  (about  14  degrees  support 
rotation).  Due  to  tne  protection  of  the  thin  metal  covering  the  roof,  no 
concrete  spall  can  be  seen. 

SUMMARY 

Some  type  of  shear  reinforcemment  in  the  form  of  lacing  or  stirrups  is 
required  by  applicable  design  manuals  for  almost  all  blast  resistant 
structures.  The  data  reviewed  in  this  paper  indicate  that  these 
requirements  for  shear  reinforcement  may  be  much  more  restrictive  (and 
expensive)  than  necessary. 

For  reinforced  concrete  beams,  the  use  of  transverse  shear 
reinforcement  can  provide  additional  confinement  for  the  concrete  core. 
However,  this  type  of  reinforcement  provides  very  little,  if  any,  additional 
confinement  for  slabs.  Also,  shear  reinforcement  will  not  help  in 
preventing  spallation  of  the  concrete  cover  over  the  reinforcement.  Shear 
reinforcement  might  mitigate  the  break-up  of  the  concrete  core  of  a  slab 
into  rubble;  however,  some  of  the  data  reviewed  indicate  that  the  use  of 
smaller,  more  numerous  principal  reinforcing  bars  may  be  a  more  effective 
way  to  prevent  this  type  of  failure. 

Several  examples  of  dynamic  and  static  tests  on  structures  using  / 
stirrups  demonstrated  that  rotations  in  excess  of  20  degrees  without  failure 
are  possible.  In  one  case  for  both  static  and  dynamic  tests,  rotations  of 
over  14  degrees  were  incurred  with  no  shear  reinforcement  at  all.  In  light 
of  this  data,  the  requirement  in  Draft  TM  5-1300  (Reference  3)  that  lacing 
be  used  for  all  designs  with  rotations  in  excess  of  8  degrees  seems  overly 
restrictive . 

In  virtually  all  of  the  data  cited  where  stirrups  were  used,  they  were 
stirrups  with  135  degree  bends  on  one  end  and  90  degree  bends  on  the  other 
end.  These  stirrups  performed  satisfactorally  under  both  static  and  high 
intensity  blast  loads  and  were  much  easier  (cheaper)  to  install  than 
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stirrups  with  180  degree  bends  on  each  end  (as  required  in  Draft  TM  5*1300 
(Reference  3)). 

The  series  of  experiments  performed  by  Guice  (Reference  7)  indicate 
that  if  stirrups  are  required  for  other  than  shear  reinforcement,  a  larger 
spacing  may  be  acceptable  (he  used  1.5  d).  In  many  cases  the  0.5  d  spacing 
of  stirrups  required  in  TM  5*1300  could  be  relaxed. 

The  data  reviewed  in  this  paper  may  be  too  fragmented  and  undirected  to 
base  firm  recommendations  on.  However,  it  clearly  indicates  that  research 
to  determine,  quantitatively,  the  relative  advantages  of  using  stirrups 
verses  lacing  or  possibly  no  shear  reinforcement  should  be  conducted.  The 
results  could  allow  a  designer  to  make  decisions  on  the  type  and  quantity  of 
shear  reinforcement  based  on  economics  of  the  particular  situation  of  this 
design  problem. 
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LACING 


^FLEXURAL  RE  INF. 
a.  Lacing  reinforcement 


b.  Stirrup  configurations 


Figure  1.  Shear  reinforcement 


ACTUAL  RESISTANCE 


Figure  2.  Idealized  resistance  deflection  curve  for  large  deflections 


Figure  3.  Posttest  view  of  slab3  with  stirrups 


Figure  5.  Shallow-buried  box  with  10-inch  roof  deflection 


Figure  9.  Damage  to  structure  tested  in  sand  backfill 
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Interior  view  of  structure  tested  in  sand 


Interior  view  of  100-man  blast  shelter 
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1.  INTRODUCTION. 

Concrete  is  commonly  applied  in  protective  structures  in  which  the 
protection  level  is  determined  by  the  local  cr  structural  failure  mode 
and  the  absorbed  energy  during  the  failure  process.  For  this  reason  it 
is  important  to  understand  the  failure  mechanisms  under  transient 
loading  and  to  have  the  opportunity  to  predict  and  calculate  the 
response  of  a  structure  due  to  these  loadings. 

Studies  at  the  Prins  Maurits  Laboratory,  in  which  the  normal  mode 

technique  was  applied  [1],  have  shovn  that  differences  exist  between 

the  internal  force  distribution  due  to  transient  loading  and 

geometrically  corresponding  static  loading.  In  the  structure  high 

peaks  of  shear  forces  and  bending  moments  occur  and  the  chance  of  a 

different  failure  mode,  in  respect  of  the  3tatic  loading  conditions, 

seems  to  be  inevitable.  On  the  other  hand,  however,  the  strength  of 

v 

concrete  increases  with  increasing  loading  rate  [2,3J*  Due  to  thesp 
opposing. effects  more  information  is  needed  to  predict  the  failure 
process  and  the  ultimate  dynamic  load  level. 

*  Graduate  student  of  the  Faculty  of  Civil  Engineering  of  Delft 
University,  Department  of  Structural  Engineering, 

Section  Applied  Mechanics. 

Graduated  in  1988. 
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For  this  reason  at  the  PML  a  comparison  has  been  made  between  the 
final  failure  mode  of  reinforced  concrete  slabs  due  to  a  uniformly 
distributed  static  load  and  an  impulse  load  [4].  From  the  test  results 
it  emerged  that,  in  3pite  of  the  initially  completely  different  force 
distribution,  in  several  cases  the  static  failure  mode  of  bending 
occurred.  Apparently  the  material  can  withstand  the  high  peaks  of 
shear  forces  and  bending  moments  that  rur.  through  the  structure 
immediately  after  loading.  However  the  slabs  with  relatively  rigid 
supports  collapsed  due  to  shear  failure. 

At  this  state  of  knowledge  the  question  was  raised  whether  the 
response  and  failure  of  reinforced  concrete  structures  under  transient 
loading  could  be  calculated  and  predicted  with  an  actual  advanced 
finite  element  program.  To  investigate  the  applicability  of  the  finite 
element  technique  for  the  situations  described  and  to  gain  an 
impression  of  the  difficulties  and  the  unsolved  problems,  one  category 
of  the  experiments  mentioned  lias  been  simulated  with  the  FS-cods  DIANA 
(IBBC-TNO). 

The  experiments,  the  simulation  and  the  results  are  described  and 
discussed  in  this  paper. 


2.  THE  EXPERIMENTS. 

At  the  PML  the  failure  mode  due  to  impulsive  loading  of  slabs  which 
are  simply  supported  at  two  or  four  edges  ha3  been  investigated 
experimentally.  The  slab3  wore  loaded  by  a  shock  wave  of  very  short 
duration  originating  from  an  exploding  charge  at  a  short  distance  [4], 
The  results  were  compared  with  data  from  static  tests. 

For  the  sake  of  simplicity  tests  with  slabs  supported  at  two  edges 
have  been  selected  for  numerical  simulation  and  the  slabs  have  beew 
regarded  as  beams.  These  tests  were  performed  with  small  slabii 
( 50x50x6 "enr  )  in  a  cubical  set-up.  The  sides  were  formed  by  the  slabs 
to  be  tested,  while  the  top  was  open  and  the  bottom  consisted  of  a 
steel  plate  [53.  The  rigidness  of  the  supports  was  varied  by  the 
application  of  thin  wooden  laths. 

In  the  series  of  teats  selected  for  simulation  woeden  laths  were 
applied.  The  static  failure  node  of  bending  occurred  by  detonating  160 
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gram  of  TNT  at  a  distance  of  0.25  a.  The  slabs  were  made 

of 

high 

quality  concrete  and  were  reinforced  in  two  directions  on 

both 

sides 

of  the  slab.  Pictures  of  the  experimental  set-up  and  a  slab 

with 

the 

Cl 

bending  failure  mode  are  given  in  Figures  1  and  2. 

Figure  1#  Experimental  aet-up 
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Figure  2.  Slab  shoving  banding  failure. 


In  the  experimental  set-up  the  load  configuration  is  very  complex  due 
to  the  reflections  of  the  shock  wave  inside  the  cube.  As  the  correct 
loading  geometry  is  unknown  and  the  objective  of  the  numerical 
simulation  was  to  investigate  the  applicability  of  the  FE-technique  to 
dynamic  failure  analysis,  the  loading  condition  had  to  be  simplified 
for  the  calculation.  It  was  assumed  that  the  slabs  were  part  of  an 
infinite  plane,  so  that  no  reflections  and  difractions  at  the  edges 
had  to  be  taken  into  account.  The  amplitude,  distribution  and  duration 
of  the  loading  were  determined  using  graphs  taken  from  literature. 


3.  FINITE  ELEMENT  MODELLING 

When  applying  the  FE-technique  to  linear  and  nonlinear  dynamic 
response  analysis  the  choices  for  a  distinct  discretization  of  the 
geometry  into  elements  and  the  time  into  time  steps  and  the  choice  for 
a  specific  type  of  material  model  are  of  major  importance.  These 
aspects  and  the  way  they  have  been  assimilated  into  the  computations 
are  the  subjects  of  the  current  chapter.  For  detailed  information  on 
the  calculations  see  [6]. 

3*1  The  discretizations 

The  choice  for  a  distinct  discretization  in  determined  by  the  answers 
to  several  questions  concerning  the  modelling  of  the  problem.  The 
first  question  that  has  to  be  answered  is  which  type  of  elements  will 
be  appropriate.  Since  the  aim  of  the  study  was  among  other  things  to 
predict  the  final  failure  modes  with  extensive  bending  and  shear 
cracking  the  most  suitable  type  of  elements  to  describe  these  cracks 
are  the  plain  stress  or  plain  strain  elements. 

The  next  question  that  arises  is  which  element  mesh  refinement  in' 
conjunction  with  which  time  stsp  will  yield  representative  results. 
From  linear-elastic  normal  mode  analysis  it  was  concluded  that  the 
duration  and  the  shape  of  the  load  influence  the  distribution  of  the 
normal  mode  contributions.  For  instance,  when  the  duration  of  the  load 
is  shorter  the  number  of  uormal  modes  that  contribute  in  the  response 
will  be  larger.  Thus  in  dealing  with  blast  loads  the  choice  for  the 


1G09 


discretizations  is  based  on  the  wish  to  describe  the  response  by  means 
of  the  modelling  of  a  sufficient  number  of  these  normal  modes.  In  most 
cases  this  results  in  the  application  of  a  refined  aesh  and  small  time 
steps. 
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Figure  3«  Comparison  of  the  normal  mode  and  the  finite  element 

technique  for  a  linear-elastic  shear  force  calculation. 


Figure  3  represents  an  example  of  the  comparison  of  the  normal  mode 

technique  and  the  FE-tech.iique  for  a  linear-elastic  high  frequency 

response  calculation.  The  shear  force  at  one  eighth  of  the  length  of  a 

simply  supported  concrete  beam  has  been  calculated  for  a  uniformly 

distributed  impulse  load  with  relative  load  duration  t  =  t./T,  of 

r  a  i 

0.0085  in  which  t^  is  the  duration  of  the  load  and  the  first 
natural  period.  The  normal  mode  calculation  has  been  performed  with 
the  lowest  64  normal  modes.  For  this  example  a  refined  mesh  was 
applied  consisting  of  a  division  of  the  length  into  32  quadratic' 
isoparametric  plain  stress  elements  and  a  division  of  the  height  into' 
2  elements  of  the  same  type.  This  mesh  should  be  capable  of  describing 
64  transversal  normal  modes.  In  that  case  the  time  step  should  be 
estimated  ,  at  the  most,  at  a  fraction  of  the  period  of  the  64th 
normal  mode.  Previous  normal  mode  analyses  showed  15  normal  modes  to 
be  sufficient  so  the  capability  of  the  mesh  was  limited  to  an  accurate 
representation  of  only  the  first  15  normal  modes  by  the  choice  of  the 
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time  step  at  3« 10_:>  s.  Still  higher  normal  modes  will  bs  represented 
in  the  response  but  with  decreasing  accuracy.  The  differences  between 
peak  values  predicted  by  normal  mode  and  by  FE  calculations  did  not 
exceed  the  value  of  4  percent.  Hence  these  results  show  that  accurate 
computations  can  be  performed  by  using  small  enough  elements  and  small 
time  steps. 

3.2  The  material  model 

The  non-linear  dynamic  FE  analysis  with  a  refined  mesh  and  small  time 

steps  offers  the  possibility  of  representing  a  high  frequency  response 

but  at  the  same  time  another  problem  arises.  Due  to  the  high  frequency 

contributions  the  loading  rate  of  the  material  will  be  correspondingly 

high  and  as  a  result  the  material  strength  f  will  increase 

ct 

significantly.  When  the  material  model  is  not  capable  of  modelling  the 
Increase  in  strength,  the  possibility  exists  that  the  numerical  model 
predicts  collapsing  of  the  structure  even  before  the  maximum  blast 
loading  is  attained.  Right  now  it  is  possible  to  describe  the 
relationship  between  the  loading  rate  and  the  increase  in  strength  for 
the  uniaxial  stress  state  [33.  Since  this  relationship  is  not  a  simple 
ere,  difficulties  exist  in  implementing  it  in  an  FE-code.  The 
relationship  for  the  multiaxial  stress  state  along  with  the  energy 
absorbing  and  deformation  capacity  as  a  function  of  the  loading  rate 
are  still  subjects  of  intensive  study. 


Figure  4.  Static  tension-softening  representation  of  concrete. 
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To  be  able  to  perform  non-linear  dynamic  FE  analyses,  for  this  type  of 
problem  anyway,  a  common  approach  is  to  apply  a  static  material  model 

in  which  the  strength  of  the  concrete  is  raised  by  some  10  to  20 

percent.  Therefore  in  the  calculations  a  static  material  model  has 
been  used.  The  tenaion-sof toning  behaviour  of  concrete  under  tension 
is  represented  in  this  model.  In  Figure  4  this  model  is  depicted  for 
the  uniaxial  stress  state.  The  Figure  also  jhows  the  possibility  for 
the  material  to  unload,  which  is  indicated  by  path  (2).  In  most  cases 
subsequent  reloading  will  go  along  this  same  path.  Only  when  the 

direction  of  the  principal  dtreas  daviatea  more  than  60  degrees  from 
the  original  principal  stress  direction,  the  reloading  of  the  material 
will  follow  path  (1)  instead. 

4.  SIMULATION  OF  THE  FAILURE  OF  THE  REINFORCED  CONCRETE  SLABS 

Ths  presentation  of  the  simulation  will  here  be  divided  into  two 

separate  sections.  Before  performing  the  successful  final  run  a 
apeciflc  difficulty  which  is  illustrative  for  the  FE  applicability  had 
to  be  overcome.  The  first  seetlon  will  deal  with  the  first  simulation 
attempt  showing  this  difficulty,  while  the  second  section  will  present 
the  final  run. 

4.1  The  first  simulation 

To  perform  the  first  simulation  the  blast  load  was  modelled  for  groups 

of  elements  by  means  of  prescribing  the  maximum  load  that  occurred 

during  the  experiment.  For  7  distinct  sections  of  the  slab  4  different 

uniformly  distributed  loads  were  applied  on  the  top  surface  of  the^ 

slab.  In  this  first  estimate  the  blast  load  was  taken  to  decrease 

linearly  ..to  the  unloaded  situation  in  150.10“®  s.  Because  the  relative 

load  duration  (0.063)  for  this  case  was  larger  than  for  the 

linear-elastic  case  fewer  normal  modes  were  expected  to  contribute  in 

the  response.  As  a  result  the  mesh  with  a  division  of  the  length  and 

the  height  into  12  and  3  elements  respectively  was  less  refined.  For 

an  accurata  representation  of  the  first  10  normal  modes  the  time  steo 

-6 

was  estimated  at  5.10  s. 


Between  the  5th  and  the  10th  time  step  the  FE -model  collapsed 
completely.  Due  to  the  reflection  of  the  downwards  propagating 
pressure  wave  against  the  lower  surface  of  the  slab,  the  resulting 
tension  wave  which  propagated  upwards  caused  the  concrete  to  crack 
completely  in  the  horizontal  direction.  This  type  of  cracking,  which 
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Figure  5.  Blast  load  discretization  for  4  subsequent  points 
of  time. 


is  related  to  spalling,  did  not  occur  in  the  test  specimen.  To  perform 
a  successful  simulation  with  the  static  material  model,  a  way  to  avoid 
these  cracks  is  to  raise  the  materia!  strength  by  about  900  percent. 
In  doing  so  all  further  cracking  will  be  prevented  since  the  increase 
in  strength  is  raised  with  a  constant  and  not  expressed  as  a  function 
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of  the  gradually  decreasing  loading  rate.  In  the  final  run  the 
difficulty  of  preliminary  horizontal  cracking  was,  if  not  elegantly, 
bypassed  by  means  of  distributing  the  blast  load  over  the  height  of 
the  slab  with  the  result  that  the  wave  propagation  in  the  vertical 
direction  is  neglected. 

4.2  The  final  run 


The  final  run  was  carried  out  using  the  complex  loading  condition 

presented  in  Figure  5.  In  this  case  the  value  of  t  equalled  0.0168. 

r 

For  this  reason  the  mesh  from  the  first  simulation  was  changed  to  20 
and  3  elements.  The  calculation  was  performed  with  a  time  step  of 
2.10~^  s  which  garanteed  the  first  23  normal  modes  to  be  represented 
accurately.  With  respect  to  the  final  failure  mode  of  bending  that 


Figure  6.  Load,  deformation  and  initiatory  dense  crack  pattern  at 
time  36.10*”  s. 


occurred 'at  a  late  stage  of  time,  the  time  step  was  probably  too 
small.  However,  for  the  investigation  of  the  period  in  which  the 
loading  and  the  deformation  expand  over  the  slab,  the  time  step  was 
appropriate.  During  the  performance  of  346  tias  steps  three 
distinguishable  crack  patterns  occurred  in  sequence  of  time: 
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1.  A  dense  pattern  of  arising  and  arresting  cracks  due  to  the 
expanding  of  blast  load  and  initiatory  deformations 

(see  Figure  6). 

2.  A  pronounced  pattern  of  concentrated  shear  cracks  near  the 

supports.  The  crack  deformation  exceeded  the  ultimate 

deformation  e  (see  Figure  7). 
u 

3.  A  pronounced  pattern  of  completely  developed  bending  cracks 

near  the  aid-section  of  the  slab.  Again  the  ultimate 

deformation  e  was  exceeced  (see  Figure  8). 
u 


Figure  7.  Open  shear  cracks  near  the  supports  at  time  240.10“°  s. 


Figura  8.  Open  bending  cracks  near  the  mid-section  at 
time  630.10  s. 


Although  the  shear  cracks  exposed  excessive  crack  deformation  the 
final  failure  mode  proved  to  be  the  bending  mode.  This  is  well 
illustrated  by  the  fact  that  the  shear  cracks  closed  partially  and  by 
the  fact  that  the  largest  amount  of  deformation  took  place  around  the 
mid-section.  The  resulting  total  deformation  of  the  mid-seotion  was 
close  to  the  experimental  data. 
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5.  EVALUATION 


The  numerical  simulations  have  proven  the  applicability  of  the 
FE-technique  to  response  calculations  for  structures  under  transient 
loading.  The  limitations  of  the  FE-code  arose  in  the  non-linear, 
dynamic  response  calculations  because  a  proper  material  model  was  not 
available.  The  final  run  shows  that,  even  with  the  static  material 
model,  the  same  final  failure  mode  iz  predicted  as  observed  in  the 
experiments.  The  question  must  be  raised  whether  this  has  been  a  lucky 
coincidence  or  that  the  rate  effects  on  the  material  properties  are  of 
minor  importance  for  the  structural  response.  This  question  is 
discussed  in  the  current  chapter  on  the  basis  of  the  crack  patterns 
mentioned  in  section  4.2  and  the  shape  of  the  stress-strain  curve 
(Figure  4). 

The  first  mentioned  calculated  crack  pattern  arises  in  the  very  first 
of  the  response  directly  after  loading.  The  leading  rates  of  the 
travelling  stress  waves  are  high  and  the  strength  increase  should 
oppose  or  prevent  this  cracking  like  the  horizontal  cracking  in  the 
first  simulation. 

The  second  crack  pattern  la  generated  at  the  beginning  of  the 
structural  response  when  the  loading  rates  have  decreased 
considerably.  This  pronounced  pattern  of  macro  cracks  could  have  led 
to  shear  failure  under  slightly  different  loading  conditions  or 
material  properties.  This  cracking  illustrates  the  possibility  of  a 
charge  in  failure  mode  due  to  dynamic  loading.  The  macro  shear  cracks 
are  closed  in  a  later  stage  of  the  response  and  the  completely 
developed  bending  cracks  cause  the  final  structural  failure.  At  this 
stage  of  the  study  the  influence  of  the  static  material  model  on  the 
second  crack  pattern  is  not  demonstrable  and  may  be  negligible.  In  any, 
case  the  applied  deformation  capacity,  e  ,  proves  to  be  of  gre'at 
influence  cn  the  eventual  appearance  of  the  ultimate  failure  mode. 

The  influence  of  neglecting  the  rate  dependency  on  the  stress-strain 
relation,  as  given  in  effect  on  ths  strength  Is  most  evident  and  will 
be  discussed  first.  Although  the  effect  on  the  deformation  capacity 
has  hardly  been  investigated  several  comments  can  be  made. 


1016 


The  horizontal  cracking  in  the  first  simulation  illustrates  clearly 
the  possible  consequence  of  the  underestimation  of  the  dynamic 
strength.  Although  the  stress  rates  are  not  calculated,  it  is  obvious 
that  also  in  the  final  run  most  cf  the  early  stage  cracking  is  not 
realistic.  Thi3  is  shown  by  the  rate  of  crack  extension  which  was 
determined  to  be  about  2500  o/s.  This  rate  is  unrealistic  because  it 
is  limited  by  the  velocity  of  the  Rayleigh  wave  (approx.  2000  m/s).  If 
the  crack  extension  rate  reaches  this  ultimate  value  the  strength  has 
already  increased  significantly  and  has  become  very  rate  sensitive, 
which  makes  the  calculated  cracks  unrealistic.  In  spite  of  this  early 
stage  cracking,  the  final  run  led  to  the  bending  failure  mode  a3  has 
been  observed  in  the  experiments,  and  apparently  the  initial  dense 
shear  crack  pattern  near  the  mid-section  did  not  influence  the  failure 
mode.  This  can  be  explained  as  follows.  Figure  9  shows  that  most  of 
the  calculated  cracks  are  closed  afterwards.  In  contradiction  to 
static  conditions  the  direction  of  the  principal  stresses  changes 


Figure  9.  Closed  initiatory  cracks  at  time  9C.10~^  s. 

continuously,  especially  during  the  early  stage  response,  due  to  thev 
travelling  stress  waves.  As  illustrated  in  Figure  4,  the  applied' 
material  model  has  two  opportunities  of  dealing  with  reloading  (see 
section  3.2).  If  the  direction  of  the  subsequent  principal  stresses 
during  reloading  differs  more  than  60  degrees  from  the  previous 
direction  the  earlier  cracking  is  neglected.  This  condition  probably 
appeared  during  the  final  run  with  tne  consequence  that  ths  calculated 
initial  cracking,  which  ought  to  be  prevented  by  the  increased 
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strength,  ha3  been  ignored  afterwards,  and  the  bending  failure  mode 
developed.  This  thesis  still  has  to  be  checked  by  changing  the  60 
degree  threshold  up  to  90  degrees. 

Finally  some  comments  are  given  on  the  rate  dependency  of  the  energy 
dissipation  during  the  fracture  process  which  is  reflected  in  the 
stress-crack  width  relation  or  less  directly  in  the  stress-strain 
curve  of  a  chosen  volume  (Figure  4).  The  first  comment  concerns  the 
determination  of  the  stress-crack  width  relation. 

The  relation  can  be  determined  statically  in  so-called 
"deformation-controlled"  tests.  Up  to  now  the  tests  with  high  loading 
rates  are  "load -controlled"  in  which  especially  the  descending  branch 
cannot  be  compared  with  the  branch  under  "deformation-controlled" 
conditions.  So  the  question  how  the  shape  cf  the  stress-strain  curve 
is  influenced  by  the  loading  rate  cannot  be  answered.  Possibly  this 
question  i3  not  even  relevant  because  in  real  structures  the 
redistribution  of  stresses  is  limited  under  transient  loading  and  the 
created  loading  condition  of  the  material  are  rather 
"load-controlled"  than  "deformation-controlled".  Whether  it  is 
Justifiable  to  apply  the  shape  of  the  static  curve  in  (FE-) response 
calculations  to  transient  loading  conditions  has  to  be  examined  by 
comparing  the  static  ar i  impact  relations  observed. 

In  the  comparison  attention  must  be  paid  to  the  conversion  of  crack 
width  into  strain.  This  necessity  arises  most  clearly  from  impact 
tests  where  multiple  cracking  occurs  at  high  loading  rates.  The 
multiple  cracking  leads  to  an  apparently  increased  deformation 
capacity  [2,7,8]  but  the  amount  of  cracking  depends  also  on  the  size 
of  the  specimen.  Consequently  the  value  of  e  in  Figure  U  will 
increase  with  increasing  loading  rate  but  only  for  sufficiently  large 
specimen  and  large  elements  in  which  multiple  cracking  can  occur. 

Test  results  at  high  loading  rates  can  be  gathered  for  instance  from 
the  extensive  impact  tests  at  the  Delft  University  of  Technology  (DUT) 
and  the  current  PML/DUT  program. 

In  this  chapter  questions  and  problems  are  summarized  which  were 
encountered  during  interpretation  of  the  FE  results  and  the  PML 
research  program  on  the  material  response  of  concrete  under 
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(multiaxial)  transient  loading.  From  these  studies  it  eaerges  that 
still  ouch  attention  has  to  be  paid  to  the  material  itself  and  to  the 
model  before  the  FE-codcs  can  be  applied  for  response  predictions  of 
concrete  structures  under  arbitrary  transient  loading. 

6.  CONCLUSIONS. 

1.  Linear-elastic  FE-analysis  of  structures  under  transient  loading 
can  be  perfonaed  successfully  without  the  need  for  excessively 
refined  meshes  and  time  steps. 

2.  Non-linear  dynamic  FE-analysis  will  in  most  cases  give  rise  to 
problems  because  a  proper  leading  rate  dependent  material  model 
is  still  not  available.  Representative  results  may  be  obtained 
by  means  of  the  use  of  a  static  model  in  which  preliminary 
cracking  can  be  avoided  or  ignored. 

3.  Further  extensive  3tudy  of  the  dynamic  material  model  and  the 
implementation  in  FE -codes  has  to  be  performed.  Special  attention 
must  be  paid  to  the  rate  dependency  on  the* 

-  Material  properties  (strength ,  Young's  modulus,  bond,  etc.). 

-  Deformation  capacity. 

-  Energy  dissipation  in  the  fracture  process. 
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This  paper  presents  background,  theory,  design  curves  and  design 
procedures  for  blast  resistant  polycarbonate  glazing.  Use  of 
these  design  curves  will  peermit  the  employment  of  polycarbonate 
in  for  many  safety  threats  affecting  DOD  munition  storage  and 
industry.  They  are  general  enought  to  be  used  to  enhance  the 
combat  survirability  or  physical  security  of  a  strucuture. 
Mandatory  frame  design  and  frame  bite  criteria  and  data  are  also 
included.  Finally,  equations  to  ascertain  the  fragment  resistance 
of  common  glazing  materials  are  reported. 


FOLVCARBONATE  GLAZING 

Glazing  is  often  the  weakest  element  in  the  protective 
capability  of  a  structure  against  blast  or  fragments.  Over  the 
last  few  years,  the  U.S.  Navy  has  developed  and  validated  design 
charts  and  tables  for  thermally  tempered  glass  (Ref  1  and  2)  for 
use  where  blast  overpressure  is  the  predominate  threat.  However, 
glass  does  not  provide  a  comparable  level  of  protection  against 
fragments,  ballistics,  or  forced  entry.  Also,  even  if  a  laminated 
thermally  tempered  glass  remains  intact  after  fragment  or 
ballistic  impact,  it  will  lose  both  its  transparency  and 
operational  effectiveness. 

Polycarbonate  and  glass-clad  polycarbonate  can  overcome  these 
deficiencies.  As  a  glazing  material,  it  has  established  a  long 
track  record  against  fragments,  ballistics,  forced  entry  and 
assault.  This  paper,  in  an  attempt  to  fill  this  immediate  and 
pressing  need,  presents  design  charts  and  procedures  to  guide  the 
reliable  design  of  blast  resistant  glazing  containing  one  or  more 
polycarbonate  layers  against  blast.  The  U.S.  Department  of  State 
has  successfully  conducted  nine  blast  tests  and  six  static  load 
tests  to  validate  the  design  cjrves.  Required  design  of  the  frame 
and  edge  engagement  or  bite  of  the  glazing  are  also  included  as 
they  are  requisite  for  a  successful  blast-resistant  design. 

Polycarbonate  is  available  monolithically  in  thicknesses  up 
to  1/2  inch.  Greater  required  thickness  must  be  obtained  by 
lamination  or  fusion.  As  both  aircraft  and  architectural  grade 
PUB  will  chemically  attacx  polycarbonate,  they  are  precluded  as 
interlaminar  materials.  At  present,  most  glass-clad  polycarbonate 
fabricators  manufacture  proprietary  polycarbonate-compatible 
interlaminar  materials.  Research  is  now  underway  at  the  U.S. 
Department  of  State  to  determine  what  percentage  of  the  monolithic 
strength  can  be  developed  with  these  materials 

Polycarbonate  is  thermoplastic  and  is  often  marketed  under 
trade  names  such  as  Lexan  or  Tuffak.  It  should  not  be  confused 
with  acrylic  which  is  flammable  and  can  exhibit  a  brittle  failure 
mode . 
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Polycarbonate  will  burn  when  a  flame  is  held  to  it.  However, 
It  will  tend  to  extinguish  itself  when  the  flame  is  removed. 

Rated  as  a  class  CC-1  material,  it  is  much  less  combustible  than 
acrylic  plastic  (Plexiglas  or  Lucite).  It  is  often  used  in  visors 
of  firefighting  helmets.  Preliminary  investigation  indicates  that 
while  polycarbonate  will  not  generate  the  cyanide  or  chloride 
gases  often  associated  with  burning  plastics,  some  carbon  monoxide 
and  carbon  dioxide  will  be  generated.  Polycarbonate  will  often 
test  with  a  smoke  density  rating  over  500  according  to  the  ASTM 
E84  Smoke  Density  Rating.  However,  many  experts  question  whether 
the  horizontal  method  of  mounting  the  test  specimen  should  be 
applied  to  a  thermoplastic  material. 

Polycarbonate  is  resistant  to  most  chemicals.  However,  it  is 
particularly  susceptible  to  contact  with  aromatic  hydrocarbons , 
gasoline,  kerosene,  carbon  tetrachloride,  esters,  ketones,  anc' 
acetone  phenols,  which  cause  embrittlement  and  hazing,  Most,  if 
not  all,  commercial  window  cleaning  preparations  are  compatible 
with  polycarbonate.  Glass  cladding  of  polycarbonate  will  provide 
a  barrier  against  chemical  degradation. 

Polycarbonate's  main  disadvantage  is  that  it  experiences 
greater  environmental  degradation  than  glass,  especially  due  to 
the  effects  of  ultraviolet  radiation,  abrasion,  and  aging. 

However,  chemical  coatings,  such  as  Lexan's  MARGARD  or  Tuffak's 
CM3,  are  available  to  provide  some  protection  from  abrasion. 
Ultraviolet  inhibitors  are  also  available  for  most  commercial 
polycarbonate.  Greater  protection  against  both  abrasion  and 
ultraviolet  attack  is  afforded  by  encapsulating  the  polycarbonate 
in  glass.  Incidentally,  this  will  enhance  both  the  ballistic  and 
chemical  resistance  of  the  glass.  Unfortunately,  testing  of  older 
glass-clad  polycarbonate  indicates  that  even  glass-encapsulated 
polycarbonate  with  ultraviolet  inhibitors  will  suffer  degradation 
of  load  carrying  and  penetration  resistance  over  time.  Research 
on  the  effects  of  aging  is  currently  being  conducted.  In 
recognition  of  this  fact,  and  to  be  conservative,  a  reduced 
maximum  stress  for  polycarbonate  that  does  not  employ  the 
potential  benefits  of  ductile  or  post-elastic  yield  is  assumed. 
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A  maximum  design  flexural  stress  of  9,500  psi  is  assumed  for 
polycarbonate.  This  conservative  stress  value  should  account  for 
degradation  in  ultraviolet  stabilized  polycarbonate  exposed  to 
long  term  solar  exposure.  While  more  research  is  required  in  this 
area,  it  is  reasonable  to  expect  at  least  a  10-year  useful  life 
for  ultraviolet  stabilized  polycarbonate.  A  Young's  modulus  of 
345,000  psi  and  a  Poisson's  ratio  of  0.38,  as  reported  by 
industry,  are  also  assumed  for  polycarbonate.  The  potential  of 
significant  increases  in  blast  capacity  through  the  development  of 
post  ductile  response  is  presently  ignored.  This  is  because  long 
term  environmental  degradation  may  erode  this  potential.  Research 
is  underway  to  develop  reliable  ways  to  mobilize  this  response 
mode . 


The  polycarbonate  glazing  is  modeled  as  a  simply  supported 
plate  subjected  to  nonlinear  center  deflections  up  to  15  times  tho 
pane  thickness.  Using  the  finite  element  solution  of  Moore  (Ref 
3),  the  resistance  function  is  generated  for  each  psne  under 
consideration.  Typically,  the  resistance  function  is  shaped 
concave  up.  This  occurs  because  membrane  stresses  induced  by  the 
stretching  of  the  neutral  axis  of  the  pane  become  more  pronounced 
as  the  ratio  of  the  center  pane  deflection  to  the  pane  thickness 
increases.  In  a  few  cases  (usually  with  1/4-inch-thick 
polycarbonate),  where  the  center  deflection  associated  with  a 
maximum  stress  of  9,500  psl  exceeds  15  pane  thickness,  a  lower 
design  stress  associated  with  a  center  deflection  of  15  times  pane 
thickness  is  chosen  to  govern  design.  This  limitation  both 
restricts  the  solution  to  the  valid  range  of  the  Von  Karmen 
equations  used  by  the  finite  element  program  to  develop  the 
resistance  function  and  the  practical  edge  engagement  available  In 
commercially  available  frames. 

The  blast  load  is  modeled  as  a  triangular-shaped  overpressure 
time  curve.  The  blast  overpressure  rises  instantaneously  to  peak 
overpressure ,  B,  then  decays  linearly  with  a  blast  pressure 
duration,  T.  The  pressure  is  uniformly  distributed  over  the 
surface  of  the  pane. 

Monolithic  action  is  assumed  between  adjoining  polycarbonate 
layers  for  the  following  reasons.  First,  recent  static  load 
testing  sponsored  by  the  State  Department  indicated  this  to  be  a 
good  assumption.  Second,  the  large  deflections  experienced  by  the 
relatively  flexide  polycarbonate  means  that  a  relatively  high 
proportion  of  the  load  is  being  carried  in  membrane  action  rather 
than  bending.  Interlaminar  shear  capacity  between  plates  does  not 
affect  this  very  efficient  mode  of  structural  capacity.  It  is 
also  anticipated  that  the  high  strain  rates  associated  with  blast 
loading  will  further  increase  the  shear  capacity  of  most,  if  not 
ail,  interlaminar  plastics  in  current  commercial  use.  finally, 
blast  testing  of  nine  test  samples  indicates  that  our  design 
methodology  is  conservative  in  predicting  center  deflections  and 
maximum  stress  levels. 

To  prevent  failure  due  to  disengagement  of  the  pane  out  of 
the  frame  or  edge,  engagement  depths  are  required.  They  are  based 
upon  the  conservative  assumption  that  the  plate  will  distort  as  a 
spheroid  surface.  To  be  conservative,  a  1/2-inch  safety  margin  is 
added  to  all  calculations  and  all  bites  are  required  to  be  at 
least  1  inch. 

It  is  worth  noting  the  blast  capacity  of  a  polycarbonate  pane 
is  sensitive  to  the  duration  of  the  blast  load.  Because 
polycarbonate  is  extremely  flexible  and  responds  with  a  relatively 
long  natural  period  of  vibration  compared  to  glass,  polycarbonate 
will  perceive  blast  loads  as  more  impulsive.  This  effect  can 
significantly  increase  the  blast  protection  capability  of 
polycarbonate  when  blast  overpressure  durations  are  relatively 
shor 
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Blast  Pressure  Design  Charts 
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Figures  2  through  21  are  design  charts  for  ultraviolet 
protected  and  stabilized  polycarbonate  under  blast  load.  Charts 
are  provided  for  pane  thickness  of  1/4,  3/8,  1/2,  3/4,  1,  1-1/4, 
1-3/4  and  2  inches  for  pane  areas  up  to  25  square  feet  at  pane  - 
aspect  ratios  (pane  length  to  width  ratios)  of  l.OO,  1.50,  2.00 
and  4.00.  The  charts  relate  the  peak  experienced  blast 
overpressure  capacity,  B,  for  convenient  pane  dimensions  across 
the  spectrum  of  encountered  blast  durations.  Depending  on  the 
orientation  of  the  window  to  the  charge,  the  blast  overpressure 
experienced  may  either  be  incident  or  reflected.  The  pane 
dimensions  (measured  across  the  span  from  the  gasket  center- 
line.);  peak  blast  capacity  at  1,000  msec,  B;  static  frame 
design  pressure,  ru;  and  the  minimum  required  bite  are  printed 
to  the  right  of  each  design  curve.  Whenever  possible,  a  minimum 
bite  of  1  inch  Is  recommended,  even  if  the  posted  ualue  is  less. 

To  reflect  manufacturing  tolerances  and  to  be  conservative,  design 
thicknesses  used  to  calculate  blast  capacities  were  limited  to  95% 
of  the  nominal  thickness.  Figure  1  presents  an  example  of  how  the 
charts  are  used. 

Engineering  judgment  is  also  required  in  assessing  the  blast 
capacity  of  glass-clad  polycarbonate.  Because  In  some  cases  the 
annealed,  semi-tempered,  or  sodium-based  chemically  tempered  glass 
does  not  contribute  substantially  to  the  blast  load  capacity  of 
the  cross  section,  it  is  conservative  to  base  blast  upon  the 
polycarbonate  layers  alone.  Research  and  development  Is  now 
‘inderuay  at  the  U.S.  Department  of  State  to  develop  design 
procedures  and  user  friendly  computer  programs  to  analyze  and 
design  composite  glass-polycarbonate  blast  resistant  glazing. 

In  many  cases,  the  dynamic  amplification  factor  or  the  ratio 
of  static  load  to  dynamic  load  capacity  will  exceed  two.  This  is 
because  of  the  concave  up  shape  of  the  load-resistance  function 
and  the  mobilization  of  membrane  resistance  at  large  deflection  to 
thickness  ratios.  Because  of  this  phenomenon,  it  is  unconserva¬ 
tive  to  assume  the  peak  blast  capacity  of  polycarbonate  glazing  to 
be  no  less  than  one  half  of  its  static  pressure  load  capacity. 

At  very  short  blast  durations,  some  small  area  panes  exhibit 
slightly  less  blast  capacity  than  panes  with  larger  areas.  This 
occurs  because  the  small  panes  are  acting  as  linear  plates  with 
small  deflections  under  blast  loads  while  the  larger  panes  can 
mobilize  membrane  resistance  without  exceeding  the  maximum  design 
stress  of  9,500  psi. 

Because  these  design  charts  cover  a  wide  spectrum  of  loading 
parameters,  they  can  also  be  used  for  protection  from  many  high- 
explosive  industrial,  fuel-air,  or  nuclear  threats. 
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Hand  Calculation  Method 


General  Design  Theory.  Polycarbonate  and  glass-clad 
polycarbonate  can  be  designed  to  resist  as  a  simply  supported 
plate  according  to  large  deflection  and  nonlinear  elastic  plate 
theory.  Although  new  polycarbonate  exhibits  considerable 
ductility  and  a  flexural  modulus  (yield  stress  in  flexure)  of 
13,000  psi,  design  should  be  based  upon  no  ductility  and  a 
flexural  modulus  of  9,500  psi.  These  design  values  are  consistent 
with  values  obtained  from  testing  of  used  and  environmentally 
degraded  polycarbonate  with  a  history  of  long  solar  exposure. 
Currently,  neither  glass  cladding  nor  ultraviolet  (UU)  stabilizers 
will  completely  prevent  UU  attack  on  the  polycarbonate. 

Wh8n  analyzing  a  glass-clad  polycarbonate,  the  structural 
contribution  of  the  glass  is  presently  ignored.  However,  the 
inertial  effects  of  the  mass  of  the  glass  can  be  included. 

Detailed  Design.  The  following  theory  can  be  used  to 
calculate  the  blast  resistance  of  a  polycarbonate  plate  to  blast 
loading.  First,  calculate  the  static  design  resistance,  ru,  of 
the  pane.  Then  calculate  an  equivalent  linear  resistance,  re, 
br.sod  upon  absorbable  strain  energy.  For  this  equivalent  linear 
system,  calculate  the  dynamic  amplification  factor.  Dip,  induced 
by  the  blast.  The  static  design  resistance,  ru,  is  then  divided 
by  k.he  dynamic  amplification  factor  to  determine  the  blast 
capacity. 

Use  the  following  procedure  to  calculate  the  design  peak 
blast  pressure  capacity,  8,  of  the  pane: 

Step  1.  Calculate  the  nondimensional  stress,  ,  as: 

SND-  sb2T  (1) 

D 

where:  s  -  Design  stress  for  polycarbonate  (9,500  psi) 

b  «  Short  span  of  polycarbonate  pane  measured  between 
center  lines  of  gaskets,  in 

t  -  Actual  thickness  of  polycarbonate 

D  -  Et3/12  (1-u2)  -  Modulus  of  rigidity,  lb-in 

E  m  Modulus  of  elasticity  (345,000  psi) 

u  -  Possion's  ratio  (0.38) 

Step  2.  Enter  Figure  22  with  and  the  aspect  ratio,  a/b 
and  read  the  nondimensional  load,  lfJD , 
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Step  3.  Calculate  the  ultimate  resistance,  ru,  of  the  llte 
as  follows : 

ru  -  lND  D  t,  psi  (2) 

Step  4.  Read  the  nondimensional  center  deflection,  X/t  by 
entering  Figure  23  with  the  value  cf  L(^d  and  a/b.  Calculate  the 
design  center  deflection,  Xu,  as: 

Xu  -  (X/t)t,  in. 

Step  5.  Calculate  the  design  resistance  of  a  linear  elastic 
structural  system.  The  highly  nonlinear  resistance  function  is 
converted  to  a  linear  resistance  that  contains  the  equivalent 
amount  of  absorbable  strain  energy  in  the  pane.  The  equivalent 
linear  resistance,  re,  is  calculated  as: 

re  m  0.4(rj+  r 2+  r3+  r*+  O.E  ru),  psi  (4) 

where:  rj  «  Resistance  at  0.2  Xu 
r2  *  Resistance  at  0.4  Xu 
r3  »  Resistance  at  0.6  Xy 
r4  -  Resistance  at  0.8  Xu 

ru  -  Resistance  at  Xu  (calculated  by  Equation  2) 

Step  6.  Calculate  the  equivalent  linear  stiffness,  Ke,  as: 

Ke  -  r^/Xu,  psi/in.  (5) 

Step  7.  Calculate  the  natural  period  of  vibration,  Tjy,  as: 

Tn  -  2  (3.14)  (KLM.m/Kc)l/2  (6) 

where : "  0.63  +  0.16  (a/b  —  1),  1  <_  a/b  <_  2 

Kljsj  =  0.79,  a/b  >,  2 

m  =»  104t  +  243tg  ( lb-msec2/in3) 

t  -  Actual  thickness  of  the  polycarbonate,  in. 

tg  Actual  thickness  of  the  glass  in  a  glass-clad 
polycarbonate  pane,  in. 
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Step  8.  Calculate  the  blast  capacity  of  the  polycarbonate. 
Enter  Figure  24  with  the  ratio  of  the  effective  positive  pressure 
blast  duration.  T  (msec)  to  the  fundamental  period  of  vibration 
of  the  polycarbonate,  Tw.  Read  the  dynamic  amplification 
factor,  ,  which  is  tne  ratio  of  the  center  deflection  caused 
by  the  peak  blast  over  pressure  to  the  same  pressure  applied 
statically.  The  peak  blast  overpressure,  B  of  the  glazing  can  be 
defined  as: 

B  -  re/DLp,  psi  (7) 

For  T/Tjg  ratios  greater  than  10,  set  D[_p  to  2.  For 
ratios  less  than  0.05,  set  Dlf  to  0.03.  If  effective  blast 
duration  is  unknown,  it  is  conservative  to  set  D^f  to  2. 

If  the  blast  overpressure  capacity  of  the  polycarbonate,  B  is 
equal  to  or  greater  than  the  design  blast  overpressure,  P,  the 
design  is  acceptable. 

Step  9.  Design  adequate  bite  into  the  polycarbonate.  If  a 
spherical  deflection  shape  of  the  polycarbonate  is  conservatively 
assumed,  the  required  bite,  breq,  can  be  calculated  as: 


breq  «  (Sarc  -  b)/2  +  1/2,  in.  (8) 

where  Sarc  is  the  deformed  arc  length  of  the  polycarbonate. 

Sarc  is  calculated  as: 

snrc  “  Rcur  •  °r 

Where  Rcur,  the  radius  of  curvature,  is  calculated  as: 

Rcur  -  (Xu  2  +  b2/4)/2Xu  (10) 

The  radian  angle  of  curvature,  0r,  is  calculated  as: 

Or  -  2  arcsine  (h/2Rcur)  (11) 


It  is  recommended  that  the  minimum  bite  of  1  inch  be  used  even  if 
the  calculated  value  is  less.  The  frame  should  be  designed  in 
accordance  with  the  following  section. 

Frame  Requirements 

To  be  effective,  the  blast  load  carried  by  the  poly carbonate 
glazings  must  be  transferred  to  the  frame  and  ultimately  through 
the  structure.  If  not  properly  designed,  the  pane  or  pane  and 
frame  will  disengage  and  become  a  large  and  dangerous  fragment. 
Also,  care  must  be  taken  to  properly  design  the  supporting 
structure  for  the  frame  leads.  Failure  to  do  this  can  increase 
the  probability  of  structural  collapse.  This  is  especially  true 
in  retrofit  construction. 


/ 


1028 


•  While  the  design  loads  for  the  frame  are  based  upon  large 
deflection  plate  theory,  the  design  loads  for  the  frame  are  based 
or  an  approximate  solution  of  small  deflection  theory  for  normally 
loaded  plates.  Analysis  indicates  this  approach  to  be 
considerably  simpler  and  more  conservative  than  that  of  large 
deflection  plate  behavior.  The  effect  of  the  static  design  load, 
ru,  applied  directly  to  the  exposed  frame  members  of  width,  w, 
is  also  considered  by  superposition.  The  design  load,  ru, 
produces  a  line  shear,  Ux,  applied  by  the  long  side,  a,  of  the 
pane  equal  to: 

0X  «  Cxrub  sin(3.14x/a)  +  ru  w,  lb/in.  (12) 

The  design  load,  ru,  produces  a  line  shear,  Uy,  applied  by  the 
short  side,  b,  of  the  pane  equal  to: 

Uy  w  Cyrub  $in(3.14y/b)  +  ruw,  Ib/in.  (13) 

The  design  load,  ry,  also  produces  a  corner  concentrated  load, 

R,  tending  to  uplift  the  corners  of  the  window  pane  equal  to: 

R  -  CRrub2,  lb  (14) 

Distribution  of  these  forces  as  loads  acting  on  the  window 
frame  and  symbol  identification  are  shown  in  Figure  25.  Static 
frame  design  loads,  ru,  are  prouided  for  each  pane  in  the  third 
column  of  the  design  data  to  tne  right  of  each  design  chart  or  in 
the  middle  of  the  design  threat  tables.  Table  1  presents  the 
design  coefficients,  Cx,  Cy,  and  CR  for  practical  aspect 
ratios  of  the  pane.  Linear  Interpolation  can  be  used  for  aspect 
ratios  not  presented.  Frame  deflections  should  be  limited  to  no 
more  than  1/100  the  length  of  the  supporting  span.  This  is  a 
significant  benefit  compared  to  the  more  rigid  restrictions 
associated  with  tempered  glass.  The  allowable  design  stresses  for 
the  frame  and  connections  are  as  follows: 

o  Design  stress  of  any  frame  member  is  fy/1.65,  where  fy 
is  the  static  yield  stress  of  the  frame  material  obtained 
frcm  its  catalogued  specification. 

o  Design  stress  of  any  fastener  is  fy/2.00,  where  fy  is 

the  static  yield  stress  of  the  fastener  material  obtained 
from  its  catalogued  specification. 

Although  frames  with  mullions  are  covered  in  the  design 
criteria,  it  is  recommended  that  single  pane  frames  be  used. 
Experience  indicates  that  mullions  complicate  the  design  and  reduce 
reliable  fabrication  of  blast-resistant  frames. 
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Frame  Bite,  Edge  Clearance.  Minimum  frame  bites  or  frame 
edge  engagements  are  required  for  polycarbonate  to  provide  enough 
support  to  carry  the  blast  load  and  prevent  pane  disengagement. 
The  fourth  column  to  the  right  of  each  design  chart,  the  bottom 
threat  design  table  or  Equation  (8),  presents  the  required  bite 
for  each  pane.  At  least  1/4  inch  should  be  allowed  for  edge 
clearance  to  account  for  pane  expansion  during  hot  weather. 


Rebound 

Response  to  the  dynamic  blast  load  will  cause  the  window  to 
rebound  with  a  negative  (outward)  deflection.  The  outward  pane 
displacement  and  the  stress  produced  by  the  negative  deflection 
must  be  safely  resisted  by  both  the  pane  and  frame.  If 
operational  requirements  dictate  an  operational  window  after  the 
blast,  the  frame  connections,  and  wall  should  be  designed  to  also 
resist  the  static  frame  design  load,  ru,  in  the  outward 
direction.  If  the  window  can  be  permitted  to  fail  after  the 
positive  blast  pressure  has  decayed,  more  economical  frames  can  be 
used,  as  the  negative  static  design  load  can  be  reduced  to  0.67  X 
of  ru.  For  blast  durations  greater  than  250  msec,  significant 
rebound  does  not  occur  during  the  positive  pressure  phase. 


GLAZING  DURABILITY 

All  glazings  fabricated  from  polycarbonate  will  degrade  over 
time  from  the  ultraviolet  (UU)  radiation  contained  in  sunlight. 
Indoor  glazing  crn  also  suffer  this  degradation  due  to  fluorescent 
light  exposure. 

Degradation  has  been  demonstrated  to  result  in  loss  of 
ductility  and  the  reduction  of  yield  strength  in  even  ultraviolet 
stabilized  polycarbonate  sheet.  The  blast  design  values  in  the 
design  tables  and  design  charts  take  this  loss  of  strength  into 
account.  When  blast  resistance  governs  design,  a  10-year  useful 
life  can  be  expected. 

Some  practical  steps  are  currently  available  to  mitigate  and 
limit  the  rate  of  this  phenomenon. 

o  All  polycarbonate  should  be  ultraviolet  (UU)  stabilized. 
Adherence  with  Military  Specification  MIL-P-46144C  Type 
II,  Class  II  or  Type  III,  Class  1A  will  assure  UU 
stabilization . 

o  Polycarbonate,  that  is  not  glass  cladded,  should  be 
treated  with  a  UU  resistant  coating  such  as  Margard. 
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o  Polycarbonate  with  an  external  exposure  should  be  glass 
cladded.  This  will  reduce  UU  exposure  by  over  50%  as 
well  as  providing  greater  abrasion  and  chemical  attack 
resistance.  If  spalling  is  deemed  to  be  a  hazard  on  an 
exposed  surface,  apply  a  4-mil  (0.004-inch)  thick 
polyester  plastic  security  film  to  the  inhabited  face  of 
the  glazing.  Tests  have  proven  tnis  to  be  an  effective 
countermeasure  to  spall. 

Some  sealants  and  gaskets  can  poison  polycarbonate.  The 
polycarbonate  manufacturer  should  be  consulted  for  the  latest  list 
of  compatible  products.  Currently,  EPDM  rubber  gaskets  and 
8EALPRUF  are  known  to  be  compatible  with  polycarbonate. 

Preliminary  research  indicated  that  the  following 
modification  of  polycarbonate  and  glass-clad  polycarbonate  cross 
sections  may  dramatically  extend  useful  glazing  service  life: 

o  Use  laminated  safety  glass  (semi-tempered)  with  polyvinyl 
butyral  (PUB)  between  the  glass  layers  on  all  UU  exposed 
surfaces.  The  laminated  glass  will  be  bonded  to  the 
polycarbonate  with  urethane  to  account  for  differences  in 
the  temperature  expansion  rate  of  polycarbonate  as  it  can 
chemically  poison  the  polycarbonate.  Product  literature 
indicates  that  both  architectural  (S.R.)  and  aircraft 
grade  (A.G.)  PUB  will  block  99%  of  the  intensity  of  the 
ultraviolet  spectrum. 

o  Use  a  sacrificial  layer  of  1/4-inch  UU  stabilized 
polycarbonate  on  all  UU  exposed  surfaces.  The 
engineering  literature  indicates  that  polycarbonate  is 
opaque  to  UU  radiation  and  may  protect  the  inner  layers 
of  polycarbonate  from  degradation. 


FRAGMENT- RESISTANT  GLAZING 

The  Thor  equation  (Ref  4)  Is  convenient  to  predict  the 
fraqment  resistance  of  glass,  polycarbonate ,  and  glass-clad 
polycarbonate.  The  equations  are  empirically  developed  from 
statistically  significant  testing  by  the  Ballistic  Research 
Laboratories  and  have  been  used  extensively  in  aircraft 
survivability  design,  The  equations  can  be  used  for  compact 
fragments  (a  convex  polyhedron)  or  adjust  for  fragments  that 
present  a  large  impact  area.  Ballistic  threats  can  be 
conservatively  approximated  by  a  compact  fragment. 

To  use  the  equations,  calculate  the  exit  or  residual 
velocity,  Ur,  of  the  fragment  through  successive  layers  of  glass 
or  polycarbonate  until  it  is  less  than  zero.  An  extra  inboard 
layer  of  poly carbonate  or  plastic  security  film  should  be 
considered  to  contain  spelling.  Since  acrylics  (Lucite  or 
Plexiglas)  are  also  included  in  security  glazing  and  they  have 
exhibited  resistance  aqainst  fragments,  they  are  included  in  this 
chapter.  These  equations  have  been  computerized  and  are  available 
in  Diplomatic  Security. 
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Compact  Fragments 

The  exit  or  residual  velocity  of  a  compact  fragment,  Ur, 
exiting  a  thickness  of  glass  or  polycarbonate  can  bo  calculated  as: 

Ur  -  Vs  -  10  c  tf  mg  (sec  0)h  U§,  ft/sec  (15) 

where:  Us  »  Fragment  striking  velocity  in  fps 

Ur  -  Fragment  residual  velocity  in  fps 

t  -  Glazing  thickness  in  inches 

ms-  Weight  of  the  origir  ’.1  fragment  in  grains  (437.5 
grains  -  1  oz) 

0  -  Angle  between  the  striking  trajectory  of  the  fragment 
and  the  normal  to  the  glazing  surface  and  c.  f,  g,  h,  q 
are  constants  determined  separately  for  each  material 
(listed  in  table  below). 

The  observed  values  of  the  constants  for  resistance  against 
compact  fragments  are: 


Material 

c 

f 

q 

h 

q 

Polycarbonate 

1 .387 

0.720 

-0. 177 

0.773 

0.603 

Glass 

2.254 

0.705 

-0.253 

0.690 

0.455 

Stretch  acrylic 

1.255 

1.112 

-0. 161 

0.715 

0.686 

Cast  acrylic 

3.035 

1.044 

-0.338 

1.073 

0.242 

The  remaining  weight,  mr,  of  each  fragment  as  its  mass  is 
degraded  through  each  layer  can  be  computed  as: 

f  g  h  q 

mr-  ms-10c(tA)  ms  (sec  0)  V,  ,  grains  (16) 

The  exponent  constants  are  defined  a3: 


Material 

c 

f 

q 

h 

q 

Polycarbonate 

-7.288 

0.480 

0.785 

1  171 

1 .765 

Glass 

-6.571 

0.305 

0.632 

C.747 

1.819 

Stretch  acrylic 

-6.267 

0.437 

0  460 

0.620 

1  .  583 

Cast  acrylic 

-5.305 

1.402 

0.797 

0.674 

1  .  324 

In  many  calculations,  this  adjustment  to  weight  is  not 
significant.  It  is  also  conservative  to  ignore. 


Non-Compact  Fragment 

This  exit  or  resiot  il  velocity,  Yr,  of  a  fragment  with  a 
large  striking  area  (greator  than  2  square  inches)  can  bn 
calculated  as  : 
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(17) 


Vr®  Vs-10  c(eA)f  ms  9  (sec  0)h  Us  9,  fps 

where :  Us®  Fragment  striking  velocity  in  fps 

Ur-  Fragment  striking  velocity  in  fps 

t  -  Glazing  thickness  in  inches 

A  *  Average  impact  area  of  the  fragment  in  square  inches 

ms-  Weight  of  t.ie  original  fragment  in  grains  (437.5 
grains  -  1  oz) 

0  ■  Angle  between  the  striking  trajectory  of  the 
fragment  and  the  normal  to  the  glazing  surface 

The  exponential  constants  are  defined  as: 


Material 

c 

f 

9 

h 

a 

Polycarbonate 

2.908 

0.720 

-0.567 

0.773 

0  603 

Glass 

3.743 

0.705 

-0.723 

0.690 

0.465 

Stretch  acrylic 

3.605 

1.112 

-0.903 

0.715 

0.686 

Cast  acrylic 

5.243 

1.044 

-1.035 

1.073 

0.242 

The  residual  weight,  m. 

r,  exiting 

1  from  < 

each  glazing 

layer  is  defined  as: 

f 

g  h 

q 

mr«  m#-10c(tA) 

m8  (sec  0) 

U#  , grains 

<1«) 

Material 

c 

f 

3 

h 

q 

Polycarbonate 

-6.275 

0.480 

0.465 

1.171 

1.765 

Glass 

-5.926 

0.305 

0.429 

0.747 

1.819 

Stretch  acrylic 

-5.344 

0.437 

0.152 

0.620 

1.683 

Cast  acrylic 

-2.342 

1.402 

0.137 

0.674 

1.324 
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TABLE  1.  Coefficients  for  Frame  Loading 


a/b 

Cr 

CX 

cy 

1.00 

0.065 

0.495 

0.495 

1.20 

0.074 

0.535 

0.533 

1.40 

0.083 

0.570 

0.562 

1.60 

0.086 

0.590 

0.583 

1.30 

0.090 

0.609 

0.600 

2.00 

0.092 

0.623 

0.614 

3.00 

0.093 

0.664 

0.655 

4.00 

0.094 

0.687 

0.685 

Peak  blast  pressure,  B  (psi)  m 


Problem:  Evaluate  the  blast  resistance  of  a  1/2  inch  thick 
polycarbonate  window  with  dimensions  of  72  x  18  inches. 

Solution:  Step  1 

Compute  the  aspect  ratio,  a/b  (length  to  width  ratio): 
a/b  -  72/18  «  4 

Step  2 

With  a/b  *  4  and  a  nominal  thickness,  t,  of  1/2  inch  locate 
the  appropriate  design  chart,  which  in  this  case  la  the  top 
chart  on  Figure  18  (pictured  above). 

Step  3 

locate  the  curve  corresponding  to  the  18  x  72  inch 
polycarbonate.  The  blast  capacity  corresponds  to  the 
positive  pressure  for  the  18  x  72  x  1/2  inch  subjected  to  a 
positive  blast  duration  of  5  msec  is  17.4  psi. 


Figure  1.  Design  chart  example  for  blast  resistant 
polycarbonate  winder.'. 
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Figure  15.  Peek  blast  pressure  capacity  for  polycarbonate: 
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BLAST  1ESI3TA25C3  OF  LAMINATED  WINDOWS 


David  L.  Tilson  and  James  M.  Watt,  Jr. 

US  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi  39180 


ABSTRACT:  Windows  that  have  some  degree  of  resistance  to  forced 
entry  are  used  in  US  Embassy  buildings  throughout  the  world.  Because 
of  the  increase  of  worldwide  terrorism  and  the  concern  for  US  personnel 
in  foreign  service,  the  US  Department  of  State  has  funded  research  to 
determine  the  blest  resistance  of  these  window  systems.  This  research 
will  be  used  to  develop  a  standard  method  for  analyzing  laminated 
glazings  and  their  framing  systems. 

Static  tests  were  conducted,  subjecting  each  window/frame  system 
to  a  hydrostatic  pressure,  to  determine  the  nonlinear  resistance 
function.  Using  these  resistance  functions,  single-degrea  of -freedom 
analyses  were  performed  to  predict  dynamic  response,  and  a  dynamic  test 
was  conducted  to  verify  the  analysis.  The  analysis  was  accomplished  by 
using  a  computer  code  (SDOF)  developed  at  the  US  Army  Engineer 
Waterways  Experiment  Station.  On  17  December  1937,  a  dynamic  test  was 
conducted  to  verify  this  analysis. 

For  three  of  the  four  windows,  the  results  from  the  dynamic  test 
were  in  good  agreement  with  the  predictions  from  the  SDOF  code.  For 
these  three  windows  the  maximum  difference  between  predicted  and  actual 
deflection  was  16  percent.  From  these  results,  it  was  concluded  chat  a 
single-degree-of-freedom  analysis,  employing  a  resistance  function 
developed  from  static  tast,  predicts  reasonably  well  the  dynamic 
response  of  window  systems. 


10S1 


BLAST  RESISTANCE  0?  LAMINATED  WINDCVS 


David  L.  Tilson 
James  M.  Watt,  Jr. 

US  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 

INTRODUCTION 

Windows  that  have  some  degree  of  resistance  to  forced  entry  and 
high-powered  rifle  are  used  in  US  Embassy  buildings  throughout  the 
world.  Because  of  the  increase  of  worldwide  terrorism  and  the  concern 
for  the  safety  of  U'  personnel  in  foreign  service,  there  is  a  need  to 
determine  the  blast  resistance  of  these  window  systems.  This 
information  would  i.entify  the  level  of  blast  procection  of  current 
wlndov  systems  and  would  provide  a  means  for  accessing  future  window 
needs . 

A  study  was  conducted  to  determine  the  blast  resistance  of  four 
window  systems  and  to  develop  a  method  for  predicting  their  dynxraic 
response.  The  method  is  to  conduct  static  test,  subjecting  each 
window/frame  system  to  a  hydrostatic  pressure,  to  determine  the 
nonlinear  resistance  function.  Using  this  resistance  func.tLon,  a 
single-degtee-of-freodom  analysis  is  performed  to  predict  dynamic 
response,  and  a  dynamic  test  is  conducted  to  verify  the  analysis.  This 
paper  presents  the  results  of  the  study  and  a  comparison  of  analysis 
data  to  test  data. 

STATIC  TESTING 
Static  Test  Device 

The  static  test  device  was  designed  to  subject  a  teat  article  to 
a  maximum  hydrostatic  pressure  of  2C0  psi.  The  three  parts  of  the 
device  are  a  U-framod  base,  a  wall  slab,  representing  the  building;  and 
a  hold-down  slab.  An  isometric  view  of  the  static  test  device  is  shorn 
in  Figure  1. 


Figure  1.  If-omecric  View  of  Static  Test  Device 
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The  idea  is  to  test  a  window  system  as  if  it  were  installed  in  a 
building.  Once  the  window  is  installed  in  a  slab,  ensuring  conformance 
with  exact  manufactures  installation  procedures ,  the  hold-down  slab  is 
plac.-d  on  top  and  ths  two  slabs  are  bolted  together,  A  chamber  is 
formed  between  the  test  article  and  the  bottom  of  the  hold-down  slab. 
The  hold-down  slab  is  equipped  with  two  vertical  vent  pipes,  one 
provided  for  pumping  water  into  the  chamber  and  the  other  to  allow  the 
evacuation  of  air  from  the  chamber.  When  the  chamber  is  completely 
filled  with  water,  the  outflow  pipe  is  closed  and  a  uniform  hydrostatic 
pressure  is  provided  over  the  entire  window  system.  Two  pressure  gages 
are  mounted  in  the  bottom  of  the  hold-down  slab  and  are  used  to  measure 
the  hydrostatic  water  pressure  of  the  chamber. 

To  insure  a  water  tight  seal  in  the  chamber,  a  rubber  bladder  is 
assembled  over  the  test  article  and  sealed  with  a  silicon  caulk.  An  0- 
ring  is  than  placed  around  the  edge  of  the  bladder  to  seal  any 
irregularities  in  the  concrete  of  the  two  slabs.  A  maximum  pressure  of 
300  psl  has  been  sustained  with  this  sealing  procedure. 

The  U-framed  base  was  designed  to  al‘  ow  for  locating 
instrumentation  beneath  the  test  window.  A  1/4- inch  thick  steel  plats 
was  embedded  in  Che  concrete,  allowing  for  thi  welding  of  gage  supports 
in  the  required  locations.  This  design  also  allows  clearance  for 
videotape  equipment  to  be  used  in  recording  the  response  of  the  test 
article. 

The  test  wall,  housing  the  windows,  represents  the  Department  of 
State's  current  embassy  wall  design.  The  well  was  constructed  with 
reinforced  concrete  and  har.  a  thickness  of  3  inches.  The  reinforcement 
used  is  #3  reinforcing  bars  (5/3-inch  diameter)  that  maintains  a 
horizontal  and  vertical  spacing  of  5  inches.  (Sea  Reference  1.) 

A  daslgr.  requirement,  fer  tr.a  hold-down  slab  was  that  the 
centerline  deflection  could  not  exceed  1/10- inch  at  2C0  psi.  Using 
plat®  theory  for  a  simply-supported  ilah,  it  waa  calculated  that  the 
hoi d - down  ftlab  would  be  required  to  be  18 -inches  thick.  The 
r a Inf or cement  us*d  Jr;  tl  fabrication  #5  bars,  consisting  of  3 
mats.  Thu  horizontal  and  vertical  spacing  was  maintained  at  5  inches 
(center  to  center) .  Iha  concrete  specified  was  a  5000  psi  mix  at  28 
days , 

Tesc  Articles 

The  four  tost  articles  wove  coranarclally  available  windows  that 
were  designed  to  resist  bailie tics  and  forced-entry.  All  the  windows 
were  42*inch&*  In  width  and  48 -inches  in  length.  The  clear  span  varied 
depending  on  the  fraj-ie  and  amount  of  frame  fclta  placed  on  the  glazings. 
The  laminated  glnzrnga  certain  sheets  of  polycarbonate  and  various 
types  of  glass.  These  glazings  varied  in  nominal  thickness  from  1-1/8- 
tnchss  to  1-15/16- inches,  depending  on  the  number  and  thickness  of  each 
layer.  Figure  ?.  shows  a  cross-sectional  view  of  each  glaring  type. 
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Figure  2.  Cross-Sectional  View  of  Glazing  Types 

Static  Tasting 

Each  window  system  was  subjected  to  a  hydrostatic  pressure  that 
produced  failure.  Failure  was  taken  to  be  the  point  at  which  the 
window  would  not  resist  any  additional  load.  In  three  tests,  the 
failure  mechanism  for  the  window  system  was  shear  in  the  frame 
anchorage.  The  other  failure  mechanism  was  bending  of  the  inner  frame 
of  a  two  frame  system.  This  uso  of  the  inner  frame  was  to  maintain  the 
bite  on  the  glazing,  but  allowed  for  reglazing  when  required.  Sea 
Table  1  for  a  summary  of  the  static  test  results. 

Table  1.  Static  tests  summary. 


Type 

Avg.  Chamber 

Maximum  Centerline 

i 

Maximum  Centerline 

Glazing 

Pressure 

Deflection 

Strain 

(psi) 

(in) 

imicroin/in) 
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S ingle -Dagrea-of-Frtadcs  Analysis 
SDOF  Analysis 

The  determination  of  the  dynamic  response  of  a  simple  structural 
system  using  numerical  procedures  is  presented  in  detail  in  'deferences 
2,  3,  and  4.  More  complex  systems,  such  as  the  window  systems  reported 
herein,  can  also  be  analyzed  with  a  single -degree -of  freedom,  provided 
an  accurate  representation  of  the  load  function  P(t),  resistance 
function  (load-dsf lection  curve),  and  mass  (M) ,  can  be  obtained. 

The  selection  of  the  idealized  spring-mass  system  in  Figure  3a  is 
such  that  the  deflection  of  the  mass,  y,  is  the  same  as  the  centerline 
deflection  of  the  window  glazing.  From  thi3  freebody  diagram  (Figure 
3b),  the  equation  of  motion  is  derived  and  than  solved  numerically. 


to  <m> 

Figure  3.  Single-Degree -of -Freedom  Freebody  Diagram 
Resistance  Functions 

To  develop  a  resistance  function  from  the  static  tests,  the 
centerline  deflection  was  plotted  against  the  chamber  pressure  loading 
the  window.  This  resistance  function  is  simplifyed  by  selecting 
specific  points  to  be  used  in  the  SDOF  code.  Figure  4a  through,  4d  show 
«.he  actual  load-deflection  curves  and  the  simplified  resistance 
functions  used  in  the  SDOF  analysis. 

The  specific  points  used  in  the  resistance  functions  were  points 
where  layers  of  glass  broke  which  caused  an  instant  reduction  in 
chamber  pressure  and  where  the  pressure  is  sustained  and  begins  to 
increase  (Figure  4a  -  4d) .  The  maximum  deflection  of  the  resistance 
function  was  that  point  where  the  window  could  not  sustain  any 
additional  loading.  The  unload  slope  used  in  the  SDOF  analysis  was 
selected  as  the  initial  slope  of  the  load-deflection  curve  before  any 
glazing  broke. 
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Single -Degree -of -Freedom  Code 

The  SDOF  coda  was  developed  at  the  Waterways  Experiment  Station 
and  use3  the  procedure  described  in  Reference  2.  The  procedure  is 
referred  to  as  the  constant-velocity,  or  lumped- impulse ,  procedure. 

The  code  requires  the  following  information  to  preform  the  calculation: 
mass  (rf) ,  area  (A) .  load-mass  factor  (JCt^) .  percent  of  damping  (c) , 
time  step  (dt),  resistance  function  f(R),  and  forcing  function  P(t). 

In  the  pretest  analysis  of  the  window  systems,  the  calculations 
are  done  with  the  entire  mass  of  the  window  glazing  and  frame.  The 
total  mass  was  used  because  there  was  some  measured  deflection  in  the 
frame  before  the  anchorage  sheared. 

The  area  was  calculated  by  using  the  length  and  width  of  the 
frame  (48  in.  by  42  in.).  The  values  for  the  load-mass  factor  and 
percent  of  damping  were  chosen  to  be  0.67  and  0.03,  respectively.  The 
Jfjjj  selected  is  for  a  uniformly  loaded,  two-way  slab  where  the  strain 
in  the  polycarbonate  is  in  the  elastic,  range  (Reference  2) .  The 
percent  of  damping  was  chosen  arbitrarily  from  discussions  with 
personnel  familiar  in  the  response  of  glazings.  A  numerical  iterative 
time  step  of  0.0001  seconds  was  used  for  the  calculation. 

The  forcing  function  P(t)  was  derived  from  equations  developed 
from  Reference  3.  The  analysis  was  performed  by  using  a  reflected 
pressure-time  history,  with  and  without  clearing  time1,  for  a 
hemispherical  high  explosive  (HE)  charge  of  TNT  weighting  1300  lbs. 

The  distance  from  the  HE  charge  to  the  test  structures  was  selected  as 
100  ft.  This  HE  charge  and  range  produced  a  positive  reflected  peak 
pressure  of  29.4  psi  and  a  negative  phase  peak  pressure  of  -3.1  psi. 
Figure  5  shows  the  calculated  pressure- time  history. 


Figure  5.  Calculated  Pressure-Time  History  for  1300  lb3  of  TNT 
at  a  Range  of  100  ft. 

1  "The  reflection  effect  may  be  assumed  to  diminish  linearly  and  to 
disappear  at  the  clearing  time  Cc,  which  is  approximately  tc  -  3SC/U 
where  U  is  the  shock  front  velocity  and  S„  is  either  the  height  of  the 
reflecting  surface  aboveground  or  one -half  the  width,  whichever  is 
smaller."  Reference  3 
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Charge  Design 

In  determining  the  size  or  the  charge,  several  assumptions  were 
applied  in  the  analysis.  The  first  assumption  was  that  an  average 
i  resistance  function  represent  the  four  windows.  To  arrive  at  on 

'  average  resistance  function,  the  individual  static  resistance  functions 

were  plotted  and  a  hand  fitted  average  resistance  function  was 
determined  (Figure  6).  It  is  seen  from  this  plot  that  three  of  the 
four  curves  are  very  similar  to  the  hand  developed  resistance  function, 
.  however  the  fourth  is  well  below  the  average  curve.  In  the  second 

assumption,  a  limit  of  2  inches  was  selected  for  the  allowable  peak 
window  deflection. 


Figure  6.  Development  of  Average  Resistance  Function 

In  determining  the  amount  of  high  explosive  required  to  produce  2 
inches  of  deflection,  a  series  of  pressure -tine  histories  were 
calculated  (Reference  3)  by  using  different  weights  of  TNT  at  a  range 
of  100  ft.  Once  these  P(c)'s  were  celculcted,  an  SDOF  analysis  was 
conducted.  The  input  to  the  SDOF  code  consisted  of  the  average 
resistance  function,  individual  properties  for  each  window,  and  the 
different  loading  functions.  From  these  calculations,  the  peak  dynamic 
deflections  were  determined  and  compared.  This  procedure  indicated 
that  a  charge  weight  of  1300  lbs  of  TNT  at  a  standoff  of  100  ft  would 
be  required  to  produce  the  desired  dynamic  window  response. 

Window  Analysis 

Once  the  high  explosive  charge  for  the  test  was  determined,  a 
single-degree-of-freedom  analysis  was  performed  on  each  of  the 
window/frame  systems  using  the  respective  properties  of  that  window. 

The  results  of  the  analysis  are  shown  in  Table  2  and  represent  the 
expected  response  of  each  window. 
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Table  2.  SDOF  analysis  results. 


Type 

Glazing 

Predicted  Peak  Dynamic 

Deflection 

(in) 

A 

4.10* 

3.01* 

B 

2.25* 

1.20* 

C 

1.64* 

1.59# 

D 

2.70* 

2.15* 

*  Pressure -Time  History  without  clearing  time 
Pressure -Tima  History  with  clearing  time 


Dynamic  Testing 

A  dynamic  test  was  conducted  on  Range  37  at  the  Fort  Polk 
Military  Reservation,  LA.  The  high  explosive  charge  used  in  the  test 
was  1092.5  lbs  of  Composition  -  4  (C-4).  The  charge  weight  was  derived 
by  using  an  equivalent  factor  for  TNT  of  1.19  (Reference  3).  This 
factor  is  for  matching  the  impulse  between  TNT  and  C-4  explosives.  The 
dynamic  test  setup,  Figure  7,  shows  the  two  reaction  structures  and 
windows  as  viewed  from  a  point  behind  the  high  explosive  charge. 


Figure  7.  View  of  the  Dynamic  Test  Setup 
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A  total  of  14  pressure  gages  were  used  (7  per  structure)  to 
measure  the  pressure- tine  history  across  the  face  of  the  structures  and 
windows.  The  data  records  ware  processed  and  an  average  pressure 
across  the  face  of  the  windows  was  de retained.  To  establish  the 
average  pressure -clue  history  for  each  structure,  the  tlae  of  arrival 
for  each  record  was  adjusted  to  coincide  and  the  records  were  averaged. 
Figures  8a  through  8d  show  a  comparison  of  the  calculated  reflected 
pressure  and  impulse  (with  and  without  clearing  tiae)  and  the  averaged 
test  data. 

Two  deflection  gages  were  used  to  obtain  the  centerline 
deflection  for  each  glaring  type.  The  gages  used  were  Trans -Tek  Linear 
Variable  Differential  Transformers  (LVDT)  with  an  total  travel  of  6 
inches . 

DISCUSSION  OF  RESULTS 

Table  3  contains  the  window  response  results  from  the  SDOF  pra- 
and  posttest  analyses  and  the  test  data.  A  review  of  this  data  reveals 
several  interesting  points. 


Table  3.  Comparison  of  Actual  and  Calculated  Deflection 


Type 

Glazing 

Dynamic  Test 
Deflection 
(In) 

Pretest 
Predictions 
(fm  Table  2) 

Posttei’i 

Analysis 

(in) 

Gage  1 

Gage  2 

A 

4.30 

3.90 

4.10* 

3.01# 

3.24  3.59® 

B 

1.90 

1.98 

2.25* 

1.59* 

1.60  1.75® 

C 

1.25 

1.26 

1.64* 

1.30* 

1.38  1.47® 

D 

0.89 

C.90 

2.70* 

2.15* 

2.17  2.31® 

*  Frassure-Tima  History  without  clearing  time 

#  Pressure-Time  History  with  clearing  time 

@  Average  Pressure-Time  History  and  reduced  mass  (glazing  only) 


It  va*  concluded  from  these  comparisons  chat  the  window/frame 
systems  were  subjected  to  a  reduced  pressure  (Figures  8a  -  8d) .  One 
possible  reason  was  that  the  clearing  time  effects  at  the  top  and  sides 
of  the  reaction  structures  were  neglected.  Another  reason  was  that  the 
equivalence  factor  in  matching  the  impulse  produced  with  TNT  and  C-4  is 
not  an  exact  number. 

Two  deflection  gages  were  used  to  record  centerline  displacement 
for  each  of  the  window  glazings.  The  successful  survival  of  both 
deflection  gages  and  their  clcse  agreement  gives  confidence  in  the 
accuracy  of  the  data. 
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Window  gluing  type*  A,  B,  and  C  behaved  In  a  very  consistent 
manner,  whereas,  the  type  D  glazing  appeared  to  depart  significantly 
from  the  predicted  behavior.  Type  D  gluing  is  comprised  of  two 
gluing  panels  separated  by  an  air  gap.  It  appears  that  this  glazing 
geometry  will  require  some  modification  to  tha  SDOF  before  bettor 
agreement  can  be  achieved. 

For  glazing  types  A,  B,  and  C  the  following  observations  can  he 
mada.  First,  ons  pretest  SDOF  analysis  was  calculated  using  a 
prassura-tima  function  P(t)  (Rafarenea  3}  without  considering  clearing 
time  of  tha  shock  wavs.  Tha  P(t)  had  a  grsstsr  impulse  and  resulted  in 
greater  response  of  the  windows.  However,  when  the  P(c)  was  corracted 
for  cltarlng  time,  tha  lapulaa  was  reducad  and  tha  rasponse  was 
calculated  to  be  smaller.  With  clearing  time  accounted  for,  the  SDOF 
calculation  la  in  closar  agreement  with  the  measured  test  data. 

A  posttast  SDOF  calculation  was  conductad  using  tna  average  of 
tha  aaasured  pressura-tine  histories  for  the  respected  reaction 
structure.  This  calculation  idantifled  tha  difference  in  the  window 
response  ea  a  function  of  the  calculated  P(c),  with  clearing  time,  end 
the  measured  P(t).  The  response  ca'culatod  using  those  two  proasuro- 
tima  histories  was  in  very  close  agreamont. 

Aa  previously  stated,  the  mass  selected  for  the  pretest  SDOF 
calculation  was  taken  sa  the  total  mass  for  tha  glazing  and  frame.  A 
poatteot  SDOF  calculation  was  dona  using  only  the  mass  of  the  glazing. 
This  reduction  in  mass  better  represents  the  major  responding  alenwr.t 
of  the  window  system  and  resulted  in  a  closar  agreement  between 
calculated  end  measured  data. 

Conclusions 

The  response  of  type  A,  B,  and  C  glazings  and  frames  were 
predict  d  very  woll  by  the  SDOF  coda.  Batter  agieemmt  batvean  tha 
calculated  end  measured  rsspons#  can  be  achieved  by  using  the 
calculated  f(c),  with  clearing  time,  and  tha  mass  of  th#  glazing  only. 

The  good  agreement  between  calculated  end  measured  window 
response  data  suggest  that  the  resistance  function  developed  from 
static  testing  correctly  described  the  spring  ( k )  of  th#  SDOF  system. 

Although  thla  verification  of  the  static  tsst/SDOF  procedure  is 
based  on  a  limited  number  of  tests,  it  appears  to  be  a  valid  method  for 
accessing  the  blast  capacity  of  window  systems. 
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ABSTRACT 


The  paper  deals  with  the  optimal  design  of  ammunition 
storage  and  facilities  for  conflicting  requirements  of  safety  and 
survivability.  The  structures  discussed  are  storage  magazines  and 
assembly/maintenance  facilities  and  represent  actual  projects 
already  constructed  worldwide. 

Three  case  histories  involving  aboveground  and  underground 
facilities  designed  to  withstand  different  survivability 
requirements  are  presented  and  discussed. 

The  conflicting  safety  and  survivability  requirements  are 
described  and  our  solutions  for  optimal  design  are  presented. 


INTRODUCTION 


In  the  design  of  ammunition  magazines  and  ammunition  related 
production/assembly/maintenance  facilities  we  have  encountered 
lately  conflicting  requirements  of  safety  and  survivability. 

The  safety  requirements  aim  to  reduce  the  risks  to 
surrounding  installations,  for  both  life  and  property,  in  case  of 
an  accidental  internal  explosion. 

The  survivability  requirements  aim  to  reduce  the  risks  to 
the  ammunition  facility  and  its  personnel  from  different  external 
types  of  attacks. 

In  many  casos,  the  safety  and  survivability  requirements  are 
conflicting  and  the  designer  is  faced  with  the  task  of  finding 
such  features  that  will  be  optimally  adequate  for  both  safety  and 
survivabi! ity. 
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In  this  paper  we  are  presenting  three  cases  histories  from 
our  practical  experience,  pointing  out  the  conflicting  safety  and 
survivability  requirements  and  the  solutions  we  have  founa  in 
each  case. 

We  are  presenting  only  cases  of  survivability  for 
conventional  warfare  and  terrorist  attacks  and  do  not  address 
cases  of  survi/abil ity  for  chemical,  biological  and  nuclear 
warfare. 


FIRST  CASE  HISTORY  -  STANOARD  ABOYEGROUND  AMMUNITION  MAGAZINE 


Our  first  case  history  is  the  design  of  standard  aboveground 
ammunition  magazines  with  the  "normal"  safety  requirements 
covered  by  the  safety  distances  codes  and  with  the  survivability 
requirement  of  withstanding  direct  hits  of  artillery  shells. 

In  order  to  satisfy  the  safety  requirements  the  magazines 
were  designed  with  a  roof  soil  cover  of  63  cm. 

(see  figure  no.  1 ). 

This  however  was  not  sufficient  for  the  survivability 
requirements;  the  above  soil  cover  could  not  withstand  the  direct 
hit  effects  of  an  artillery  shell. 

Therefore  a  design  consisting  of  protective  layers  was 
considered  :  a  top  burster  layer  which  would  stop  the  artillery 
shell  penetration  and  a  soil  absorbtlon  which  would  absorb  the 
explosion  energy  and  reduce  the  blast  pressures  reaching  the 
magazine  roof  to  acceptable  levels,  (see  figure  no.  1). 


60cm.  soil 


a.  Normal  roof  soil  cover 
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b.  Protective  layers  roof  cover 


Figure  no.  1  -  Aboveground  standard  ammunition  magazine 


Obviously,  the  survivability  requirement  expressed  in  the 
design  of  additional  protective  layers  led  to  a  much  stronger 
magazine  structure  required  to  carry  the  dead  loads  of  the 
protective  layers  and  the  blast  pressures  induced  by  the 
artillery  projectile  explosion. 

The  most  cost-effective  solution  for  the  burster  layer  is 
known  to  us  to  be  the  use  of  rock  rubble  with  appropriate  rock 
sizes  and  arrangement.  However,  the  use  of  rocks  presents  a 
conflict  with  the  safety  requirements  due  to  the  fact  that 
following  an  Internal  accidental  explosion  the  rocks  in  the 
burster  layer  would  be  thrown  at  large  distances  and  would 
provide  an  increased  risk  to  the  surroundings  (see  figure  no.  2). 


The  solution  required  to  respond  to  the  conflicting 
requirements  for  safety  and  survivability  was  a  roof 
configuration  that  would  orovide  the  required  resistance  to  the 
artillery  shell  direct  hit  effects  on  one  hand  and  will  not 
increase  the  risks  to  the  surrounding  installations  on  the  other 
hand. 

From  the  different  solutions  considered  in  this  case,  two 
were  found  to  be  feasible  and  cost-effective  : 

a.  A  "layered*  structure  consisting  of  a  concrete-air- 
concrete  construction  (see  figure  no.  3). 

b.  A  protective  layers  configuration  with  a  burster  layer 
consisting  of  reinforced  concrete  or  rocks  in  gabions  or 
rocks  bonded  by  mortar  (see  figure  r.o.  4j. 


The  above  described  "safe  and  hardened"  ammunition 
facilities  were  designed  in  all  the  described  alternatives  and 
large  numbers  of  structures  were  built  in  numerous  locations. 


SECOND  CASE  HISTORY  -  ABOVEGROUND  AMMUNITION  FACILITY 


Our  second  case  history  ;s  the  design  of  an  aboveground 
ammunition  related  facility  with  the  "normal"  safety  requirements 
covered  by  the  safety  distances  codes  and  with  the  survivability 
requirement  of  withstanding  forced  entry  terrorist  attacks. 

The  safety  requirements  included  the  controled  release  of 
blast  pressures  from  an  accidental  internal  explosion  which  was 
achieved  by  designing  “normal"  yenting  elements  in  the 
structure's  walls.  These  weaker  elements  normally  designed  as 
brick/masonry  construction,  light  panel  walls,  etc.  would  be 
thrown  outwards  by  the  internal  explosion  in  a  pre-designed 
direction  and  will  reduce  the  explosion  effects  toward 
surrounding  installations  (see  figure  no.  5). 


Figure  no.  5  -  Weak  venting  wall  elements 


However,  these  weak  wall  elements  presented  no  obstacle  for 
the  case  of  terrorist  forced  entry  and  could  not  respond  to  the 
survivability  requirement. 

The  conflict  between  the  safety  and  survivability 
requirements  was  solved  in  the  described  case  by  the  following 
two  features  : 
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a*  The  design  of  roof  venting  elements  for  most  of  the 
installation's  internal  areas. 

b.  The  design  of  wall  venting  elements  made  of  strong 

resistant  materials  withstanding  the  defined  threats  but 
with  specially  designed  connections  which  would  allow  the 
elements  biow-out  but  would  not  be  easily  defeated  by  the 
attackers,  (see  figure  no.  6). 


Figure  no.  6  -  Forced  entry  resistant  design 


The  possibility  of  terrorist  forced  entry  through  the  weak 
roof  venting  elements  was  minimized  by  the  provision  of  anti¬ 
climbing  measures  and  intrusion  detection  and  alarm  systems,  as 
well  as  by  appropriate  camouflage  and  deceiving  measures. 

The  above  described  "terrorist  forced  entry  resistant" 
ammunition  related  facilities  were  designed  and  built  in 
significant  numbers  and  locations. 


THIRD  CASE  HISTORY  -  UNDERGROUND  AMMUNITION  FACILITY 


Our  third  case  history  is  the  design  of  an  underground 
ammunition  related  facility  with  the  "normal"  safety  requirements 
covered  by  the  safety  distances  codes  and  with  the  survivability 
requirements  of  withstanding  direct  hits  of  air  bombs. 

The  safety  requirements  were  fully  satisfied  by  designing 
the  facility  deep  underground  with  controled  blast  and  debris 
propagation  at  the  entrances. 
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The  surviyability  requirements  were  fully  satisfied  by 
designing  the  facility  deep  underground  in  rock  caverns  with 
sufficient  rock  cover  and  blast  resistant  entrances* 

(see  figure  no.  7). 
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b.  Safety  by  controied  entrances  design 


Figure  no.  7  -  Underground  rock  caverns  facility 


Although  it  seemed  that  both  the  safety  and  survivability 
requirements  were  fully  satisfied,  at  the  stage  of  master 
planing  it  was  realized  that  a  new  survivability/safety  problem 
was  created  :  in  the  case  of  an  internal  explosion  induced  by 
accident  or  sabotage,  the  damages  to  the  internal  equipment  and 
installations  as  well  as  the  possible  number  of  injured  personnel 
would  be  extensive  with  “normal"  internal  designs. 

The  solutions  for  minimizing  these  risks  was  to  change  the 
facility  layout  in  such  a  way  that  the  effects  of  an  internal 
explosion  will  influence  only  a  controled  area  and  to  provide 
strong  explosion-resistant  elements  between  the  internal 
controled  areas  {see  figure  no.  8). 
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Figure  no.  8  -  Optimal  cavern  layout  and  strong 
internal  division  elements 
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CONCLUSIONS 


We  have  shown  some  of  the  problems  occuring  in  the  design  of 
ammunition  storage  and  facilities  due  to  the  conflicting 
requirements  of  safety  and  survivability. 

We  have  described  three  of  our  case  histories  with  the 
solutions  reached  to  provide  the  optimal  response  to  both  the 
safety  and  survivability  requirements. 

These  solutions,  based  on  practical  experience  and 
engineering  judgement,  proved  to  be  cost-effective  in  many 
projects,  worldwide. 
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ABSTRACT 

A  Preliminary  Hazards  Analysis,  Energy  Trace  and  Barrier 
Analysis  of  the  Lithium  Battery  Test  and  Analysis  Facility  at  the 
Naval  Weapons  Support  Center  in  Crane,  Indiana  yielded  an  optimum 
bu  Udlng  design  concept  which  provides  ease  of  operation  without 
compromising  safety.  A  or.e  building,  one-otory  facility  was 
selected  which  will  satisfy  the  safety  criteria  provided  good 
controls  are  followed  for  capturing  noxious  gases  and  scrubbing 
them  without  leakage.  Three  safety  zones,  divided  by  two  protec¬ 
tive  vapor  barriers,  were  established  to  protect  office  personnel 
from  potential  noxious  vapor  leaks  In  teat  areas.  Also,  blast, 
protection  in  the  hazardous  tost  cells  and  the  wall  adjoining  the 
nonhazardous  laboratory  areas  va3  Incorporated.  Vapor  contairi- 
oent  and  scrubbing,  in  the  hazardous  test  cells,  will  be 
required.  Vapor  alarms  will  be  Installed  in  all  personnel  oc¬ 
cupied  areas,  including  entrances  to  the  office  area  and  its  as¬ 
sociated  HVAC  3yatem. 

Cver  203  hazard  conditions  have  been  identified,  with  ap¬ 
propriate  corrective  actions,  in  the  upgraded  preliminary  hazards 
analysis . 
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1.0 


introduction 


Safety  Consulting  Engineers,  Inc.  conducted  a  Preliminary 
Hazards  Analysis  (PHA)  on  the  Battery  Test  and  Analysis  Facility 
to  be  built  at  the  Naval  Weapons  Support  Center  in  Crane,  In¬ 
diana. 

The  purpose  of  the  Preliminary  Hazards  Analysis  was  to 
evaluate  potential  safety  hazards  and  recommend  controls  to  the 
upgraded  facility  design  so  that  safety  corrections  can  be  made 
during  the  design  phase.  By  incorporating  safety  featur^jsin  the 
design  of  the  facility,  the  potential  of  personnel  injury  and  the 
cost  of  installing  safety  equipment  are  significantly  reduced. 

This  Preliminary  Hazards  Analysis  is  prepared  in  accord¬ 
ance  with  Task  202  of  MIL-STD-882B. 

An  Energy  Trace  and  Barrier  Analysis  (ET8A),  which  sys¬ 
tematically  identifies  the  energy  sources  in  the  facility  that 
could  lead  to  potential  hazards,  was  conducted.  Based  on  the 
ETBA  results,  undeslred  events  were  identified  and  evaluated. 
Also,  recommended  controls  to  prevent  the  following  were 
devo loped  t 

1.  Death  anc-'ur  serious  Injury  to  personnel. 

2.  Serious  damage  to  facilities  and/or  equipment 
resulting  i:i  large  dollar  lcs3. 

1 . 1  Project  Den cr Ipt  ion 

Military  Construction  Project  P-217,  Lithium  Bat¬ 
tery  Test  Facility,  will  provide  a  new  facility  to  support  the 
life-cycle  engineering  and  testing  of  lithium  batteries.  Testing 
and  evaluation  of  lithium  batteries  must  be  performed  for  all 
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phases  of  the  weapon  system  life-cycle.  Lithium  batteries  are 
discharged  by  simulating  weapon  system  load  profiles  to  verify 
performance  specifications.  Lithium  batteries  are  also  dropped, 
punctured,  short-circuited,  charged  and  heated  to  determine 
safety  characteristics  under  abusive  conditions.  Failure 
analysis  and  dissection  are  performed  to  assess  and  evaluate  in¬ 
ternal  configuration  and  quality. 

Hazardous  lithium  battery  abusive  testing  had  been  con¬ 
ducted  in  an  outdoor  facility  located  in  a  remote  portion  of  the 
Crane  Complex.  This  outdoor  facility  is  inadequate  because  it 
was  not  designed  for  repeated  deflagrations  or  to  contain  the 
dangerous  gases  and  fragmentation.  Because  the  engineering 
analysis  and  computer  support  function  are  located  twelve  miles 
away,  excessive  equipment  and  personnel  transport  time  was  con¬ 
sumed  between  these  facilities  severely  hampering  battery  test 
productivity.  Thus  a  centralized  test  and  analysis  facility  was 
persued . 

2.°  HAZARDOUS  CONSIDERATIONS 

2 . 1  Evaluat ion 

Various  hazardous  conditions  associated  with 
lithium  batteries  can  arise  during  battery  testing. 

A  runaway  reaction  of  the  lithium  and  the 
electrolyte  can  occur  under  easily  predictable  conditions  (e.’g., 
externally  applied  heat,  shorting,  charging,  and  similar  abusive 
environments},  or  under  unpredictable  conditions  such  &3  internal 
failure  of  a  defective  or  peculiarly  damaged  cell.  Nearly  all 
runaway  reactions  result  omy  when  the  lithium  anode  becomes 
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heated  to,  or  near,  its  melting  point  of  about  180°C.  The  pos¬ 
sible  consequences  of  such  a  reaction  can  be  one,  or  a  combina¬ 
tion  of  the  following: 

a.  Slow  release  of  minimal,  moderate,  or  large  quan¬ 
tities  of  highly  corrosive  and  noxious  smoke  and 
gases . 

b.  Rapid  venting  of  the  smoke  and  gases,  with  potential 
of  pressure  build-up  if  in  restricted  enclosures. 

c.  An  explosive  pressure  spike  or  shock  wave,  and  pos¬ 
sible  flying  projectiles  of  battery  cell  parts, 
and/or  associated  fixtures. 

When  batteries  are  abusively  tested,  the 
likelihood  of  a  destructive  reaction  increases  significantly. 

Thus  the  new  test  facility  design  must  completely  contain  the 
maximum  potential  explosion  to  that  no  corrosive  vapor  release 
will  occur. 

Unfortunately,  the  safety  provisions  normally 
selected  to  control  these  types  of  hazards  (blowout  panels)  tend 
to  become  compatible  with  maintaining  vapor  containment.  Test 
cells  and  work  rooms,  where  noxious  gases  can  be  generated,  mu3t 
be  completely  sealed  to  prevent  the  gases  from  entering  areas  oc¬ 
cupied  by  personnel.  Suitable  vapor  cleaning  devices  oust  be 
utilized  to  protect  the  air  environment  where  personnel  are  work¬ 
ing.  Normally,  such  environmental  protection  devices  are  not 
blast  resistant. 

An  initial  survey  of  the  lithium  battery  Industry 
revealed  that  some  facilities  were  built  to  handle  moderate  sized 
cell  runaway  reactions  by  incorporating  both  blast  resistant  and 
vapor  scrubbing  provisions. 


2.1.1  Blast  Output 


Planned  activities  dictate  that  the  maxi¬ 
mum  size  battery  to  be  tested  in  the  proper  facility  would  yield 
blast  output  less  than  eight  pounds  TNT  equivalent. 

Thus  from  a  blast  standpoint,  two  of  the 
hazardous  test  cells  (15*  x  20'  x  10*  high)  are  to  be  designed  to 
withstand  the  equivalent  detonation  of  ten  pounds  of  TNT. 

The  rest  of  the  hazardous  test  cells  (15' 
x  20')  are  to  be  designed  to  withstand  the  equivalent  detonation 
of  five  pounds  of  TNT.  One  test  cell  will  be  24  feet  high  to  ac¬ 
commodate  impact  testing;  while  the  others  will  be  10  feet  high. 

The  control  of  released  noxious  vapors 
is  a  more  challenging  problem. 

2.1.2  Toxic  Gases 

Lithium-Sulfur  Dioxide  (LI/S02)  batteries 
can  vent  Sulfur  Dioxide  gas.  Lithiutu-Thionyl  Chloride  (LI/SOC^) 
batteries  can  vent  Thionyl  Chloride,  which  breaks  down  into  S02, 
and  HCL  with  LI20  particles  in  the  smoke. 

Based  on  Navy  upgrade  data,  one  battery 
design  containing  eight  liters  of  Thionyl  Chloride  (l’0C12)  ,  is 
the  largest  battery  to  be  tested  in  the  facility.  Noxious  gases 
released  from  this  battery  would  be  S0C12  along  with  its  decom¬ 
position  products  S02  and  HC1.  Because  the  amount  of  each  gas 
would  vary  depending  on  conditions,  safe  distance  was  estimated 
using  the  maximum  volume  of  each  gas  that  could  be  formed. 

Assuming  all  the  S0C12  becomes  gas  and 
none  of  it  decomposes,  87.22  cu.  ft  of  S0C12  gas  will  be  released 
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at  Standard  Temperature  and  Pressure  (STP).  No  S02  and  HC1  will 
be  present.  The  maximum  amount  of  S02  and  HC1  will  be  formed  if 
all  the  S0C12  is  decomposed  in  the  presence  of  water.  The  volume 
of  S02  and  HC1  released  would  be  87*22  and  174.44  cu.  ft  respec¬ 
tively. 

The  estimated  safe  distances  as  shown  in 
Table  1  varies  greatly  from  680  feet  to  75  feet  depending  on 
which  gases  are  present  and  how  they  are  dispersed  into  the  air. 
3.0  BUILDING  CONCEPTUAL  DESIGN  SAFETY  STUDY 

Three  different  building  designs  were  analyzed  to  deter¬ 
mine  which  concept  would  be  safest  for  operation  in  case  of 
noxious  vapor  release  or  an  explosion.  The  Energy  Trace  and  Bar¬ 
rier  Analysis  technique  was  used  for  each  concept  to  determine 
which  was  safest  for  production  without  compromising  operational 
effectiveness . 

The  following  building  designs  (see  Figure  1)  were  under 
consideration: 

(1)  One  building  with  two  stories 

(2)  One  building  with  one  story 

(3)  Two  buildings  (administration  building  separate 
from  testing  and  lab  areas) 

The  following  considerations  were  used  to  determine  safe 
separation,  distances  from  personnel: 

-  Radius  of  noxious  gas  release  from  battery  undergoing 
tests  in  test  cells. 

-  Explosion  blast  from  battery  undergoing  tests  in 
test  cells. 
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TABLE  1 


ESTIMATED  SAFE  DISTANCES  FROM  A 
MAXIMUM  BATTERY  SIZE  DURING 
NOXIOUS  GAS  LEAKAGE 


SAFE  DISTANCE 

SAFE  DISTANCE  | 

SAFE  DISTANCE 

USING  CYLINDER 

USING  CYLINDER  1 

USING 

MODEL 

MODEL  | 

NOXIOUS 

HEMISPHERE 

(CYLINDER  HEIGHT) 

(CYLINDER  HEIGHT)  f 

GAS 

MODEL 

(6  ft) 

(12  ft)  1 

HC1 

@100  ppm 
SO? 

@100  ppm 


@10  ppm 


94  ft 
75  ft 
161  ft 


309  ft 
215  ft 
680  ft 


215  ft 
152  ft 
481  ft 
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Administration 

Building 


Test 

Cells 

(75  ft  wide) 


Configuration  1.  One  building  with  two  stories 


Administration 

Building 

Labs 

(75  ft  wide) 

(75  ft  wide) 

Test 

Cells 


(75  ft  wide) 


C 

:onf iguration  2.  One  building  with  one  story 

Test 

Cells 

Administration 

Building 

Labs 

(75  ft  wide) 

(75  ft  separation) 

(75  ft  wide) 

(75  ft  wide) 

'///////  /  /  /  /  /  / 
Configuration  3.  Two  separate  buildings 


Figure  1.  Lithium  battery  test  facility  building  configurations 


3.1  Explosion  Considerations 

Building  wall  and  roof  blast  pressures  from  a 
10  lb  TNT  equivalent  in  a  test  cell  (doors  open)  were  also  calcu¬ 
lated  to  determine  if  the  single  building  concept  could 
withstand  such  an  explosion.  Based  on  the  calculations,  the  wall 
blast  pressure  calculated  at  a  distance  from  the  north  side  of 
the  interim  storage  room  to  the  middle  of  the  closest  test  cell 
(which  separates  the  office  complex  from  the  nonhazardous  test 
area)  is  0.39  psi.  This  is  below  the  0.5  psi  maximum  safe  blast 
pressure. 

The  wall  blast  pressure  was  calculated  from  the 
middle  of  the  closest  test  cell  to  the  wall  adjoining  the  test 
support  equipment  lab  (28  ft)  to  be  2.83  psi.  Therefore,  the 
protective  walls  surrounding  the  hazardous  test  cell  areas  should 
be  designed  to  withstand  a  blast  pressure  of  at  least  2.83  psi. 

Blast  pressure  along  the  roof  of  building  in  con¬ 
figuration  2  were  calculated  for  5/10  lb  TNT  equivalent  blasts 
(see  Table  2).  The  roof  blast  pressure  versus  distance  from 
blast  on  the  roof  is  shown  in  Figure  2.  At  the  point  where  the 
roof  of  the  administration  building  begins  (105  ft),  the  blast 
pressure  on  the  roof  is  0.39  psi,  which  falls  in  the  safe  limit. 

3.2  Noxious  Gas  Considerations 

Analysis  was  conducted  to  determine  safe  ope'n  air 
separation  distances  if  a  gas  release  should  occur  in  the  test 
cells.  A  summary  of  calculated  values  is  shown  in  Table  3* 

3 * 3  Process  Description 

When  the  batteries  arrive  at  the  Crane,  Indiana 


TABLE  2 


ROOF  BLAST  PRESSURE  AND  DISTANCE  OF 
5  AND  10  LB  TNT  EQUIVALENT  BLASTS 


'A 

m 


:«;■ 

% 


DISTANCE 
FROM  BLAST 
(ft) 


PRESSURE 
(10  lb) 


2.83 

2.55 


PRESSURE 
(5  lb) 


2.00 


0.84 


175 


0.65 

0.39 

0.28 

0.23 

0.18 


0.46 

0.28 


0.20 


0.13 
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TABLE  3 
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VERSUS 


EXAMPLE  -  SAFE 
DISTANCE  FOR 
S0C12  HEMISPHERE 
VAPOR 
(ft) 

160 

160 

160 


m 


facility,  they  will  be  checked  in  at  a  Receiving  dock  and  placed 
into  interim  storage  until  time  of  inspection.  See  Figure  3 
Process  Flow. 

In  the  physical  inspection,  the  batteries  c.re  un¬ 
packed,  physically  inspected  for  damage,  electrically  inspected 
for  internal  resistance  and  open  circuit  voltage.  Reserve  bat¬ 
teries  are  checked  to  see  if  they  have  been  activated. 

In  the  sample  setup  room,  the  batteries  are 
prepared  for  testing  by  drilling  holes  in  them,  intentionally 
making  an  internal  short,  bypassing  the  battery's  internal 
protection,  and  installing  thermocouples.  Thet  are  immediately 
taken  to  an  appropriate  test  cell  for  testing.  If,  for  some 
reason,  the  batteries  cannot  be  tested,  they  would  be  stored  in  a 
Hazard  Storage  Test  Cell. 

All  tests  which  usually  cause  the  battery  to  vent 
noxious  gases,  burn  or  explode  are  conducted  in  the  two  abusive 
test  oell3.  Tests,  such  as  constant  current  discharge  to  voltage 
reversal,  will  cause  the  battery  to  heat  up  and  probably  lead  to 
venting  of  noxious  gases,  burning  or  explosion.  The  batteries 
would  then  be  inspected  for  failure  under  control  conditions  at  a 
failure  analysis  lab. 

The  batteries  are  moved  then  to  various  low  yi'eld 
cells  to  perform  temperature  conditioning,  drop  shock,  vibration, 
climatic  conditioning  testing.  After  testing,  the  batteries  may 
be  inspected  for  failure  (failure  analysis  lab)  or  moved  to  a 
hazardous  storage  test  cell. 

The  Recycling/Staging  dock  is  then  used  to  log  out 
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Failure 
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Figure  3.  Diagram  of  lithium  battery  flow  through 
testing  facility. 
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tested  batteries  for  disposal  by  EOD  'Explosive  Ordnance 
Disposal)  personnel. 

3.4  Preliminary  Hazards  Analysis  Description 

Energy  Trace  and  Barrier  Analysis  ( ETBA)  was  the 
method  used  for  the  Preliminary  Hazards  Analysis  upgrade  per  MIL- 
STD-882B,  Task  202. 

3.4.1 

The  basic  concept  used  for  the  ETBA  method 
of  hazards  analysis  is  that  anywhere  an  energy  source  exists, 
there  is  a  chance  of  inadvertent  release  that  could  result  in  in¬ 
jury  and/or  equipment  damage.  Therefore,  by  identifying  energy 
sources  and  how  they  can  be  transferred  to  a  target  in  the  ab¬ 
sence  of  a  barrier,  potential  hazards  can  be  determined. 

3.4. 1.1  Input  Required 
To  conduct  the  ETBA,  a  thorough  under¬ 
standing  of  the  facility,  personnel  interactions,  and  its  inter¬ 
action  with  other  facilities  was  necessary.  Basic  information 
about  the  following  was  determined  in  the  analysisj 

o  Facility  operat lons/functior.s  equipment 
o  Location  and  siting 
o  Environments 
o  Personnel 

o  Process,  material  and  people  flow 
o  Nature  of  hazards  and  exposure 


Energy 
( ETBA i 


Trace  and  Barrier  Analysis  Method 


1099 


a.  Identifying  Hazards 

The  first  step  conducted  was  to  iden¬ 
tify  the  potential  energy  sources  and  their  targets  if  no  bar¬ 
riers  were  present.  The  targets  identified  (e.g.,  personnel) 
were  placed  into  the  "Object"  column  (column  fio.  1  on  Table  4) 
for  each  room  or  cell.  The  potential  energy  sources  then  were 
identified  and  placed  into  column  2  (Energy  Source).  Typical 
energy  sources  could  be:  corrosive,  electrical,  electromagnetic, 
explosive,  flammable  materials,  kinetic-linear,  kinetic- 
rotational,  mass-grav ity -he  ight ,  nuclear,  pressure-v.lume,  ther¬ 
mal,  and  toxic/noxious  (see  Table  5). 

Potential  causes  and  effects  of  the 
identified  hazards  were  placed  into  columns  3  and  4  respectively. 

b .  Risk  Assessment 

After  all  potential  hazards  are  iden¬ 
tified.  a  risk  assessment  is  .verformed  by  evaluating  the  hazard 
severity  and  llkeline3s  of  occurrence  per  MIL-STD-882B ,  Task  202. 
The  hazard  severity  is  estimated  based  on  criteria  shown  in  Table 
7.  The  failure  mode  likelihood  is  estimated  based  on  Table  8 
criteria.  Column  5  of  the  ET8A  worksheet  (Table  4)  contains  the 
Risk  Assessment  Code  (RAC).  The  RAC  consists  of  the  hazard 
severity  category  (Table  6)  followed  by  the  failure  mode 
likelihood  (Table  7).  For  example,  a  RAC  of  I-B  represents  a 
hazard  severity  category  of  I  (Catastrophic)  and  a  failure  mode 
likelihood  of  B  (Reasonably  Probable). 
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TABLE  5 

TYPICAL  EXAMPLES  OF  ENERGY  SOURCES 


A .  Corrosive 

Caustics 
Deeon  Solutions 

B.  Electrical 

Battery  Banks 

Transformers 

Wiring 

Switchgear 

Underground  Wiring 

Cable  Runs 

Service  Outlets 

Pumps 

Motors 

Heaters 

Small  Equipment 


G*  Hass,  Gravity,  Height 

Human  Effort 
Lifts 
Cranes 
Hoists 

H.  Pressure-Volume 

Test  Loops  and 
Facilities 
Gas  Bottles 
Pressure  Vessels 
Gas  Receivers 

I  *  Thermal  (Excep t 
Radiant 


G •  Explosive  Pyrophoric 

Hydrogen  (incl.  Battery  Banks 
and  Water  Decoiap.) 
Ga3es-0ther 


D.  Flammable  Materials 


Convection 
Exposed  Steam  Pipes 
Electrical  Wiring  a 
and  Equipment 

J •  Toxic  Pathogen i c / 
Noxious 


Packing  Materials 
Rags 

Hydrogen  (incl.  Battery  Banks) 
Gase3-0ther 

E.  Kinetic-Linear 


Chlorine  and 
Compounds 
Sulfur  Dioxide 
Hydrogen  Chloride 
Thionyl  Chloride 


Forklifts 

Carts 

Obstructions 

Presses 

Crane  Loads  in  Motion 

E •  Klnet Ic-Rotat icnal 

Centrifuge 
Mot  ors 
Pumps 

Shop  Equipment 


i 
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TABLE  6 


HAZARD  SEVERITY  CATEGORIES 
FROM  MIL- STD  882B  PARAGRAPH  4.5.1 
SYSTEM  SAFETY. REQUIREMENTS 


"Hazard  severity.  Hazard  severity  categories  are  defined  to 
provide  a  qualitative  measure  of  the  worst  credible  mishap 
resulting  from  personnel  error;  environmental  conditions; 
design  inadequacies;  procedural  deficiencies;  or  system,  sub¬ 
system  or  component  failure  or  malfunction  as  follows: 


' DESCRIPTION 

CATEGORY 

MISHAP  DEFINITION 

Catastrophic 

I 

Death  or  system  loss. 

Critical 

II 

Severe  injury,  severe 
occupational  illness,  or 
major  system  damage. 

Marginal 

III 

Minor  injury,  minor 
occupational  illness,  minor 
system  damage. 

Negligible 

IV 

Less  than  minor  injury, 
occupational  illness,  or 
system  damage. 

These  hazard  severity  categories  provide  guidance  to  a  wide 
variety  of  programs.  However,  adaptation  to  a  particular  pro¬ 
gram  is  generally  required  to  provide  a  mutual  understanding 
between  the  MA  and  the  contractors  as  to  the  meaning  of  the 
terms  used  in  the  category  definitions.  The  adaptation  must 
define  what  constitutes  system  loss,  major  or  minor  system 
damaae,  and  severe  and  minor  injury  and  occupational  illness." 
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TABLE  7 


FAILURE  MODE  LIKELIHOOD 


ESTIMATED 

DESCRIPTIVE 

PROBABILITY 

WORD 

DEFINITIONS 

A 

FREQUENT 

Likely  to  occur 
repeatedly  during  Life- 
Cycle  of  system 
{test/activity 
operation) 

B 

REASONABLY 

PROBABLE 

Likely  to  occur  several 
times  in  Life-Cycle  of 
system 

C 

OCCASSIONAL 

Likely  to  occur  sometime 
in  Life-Cycle  of  system 

D 


REMOTE 


Not  likely  to  occur  in 
ki-fe-Cycle  of  system  but 
possible 


c.  Hazard  Control 


Methods  of  reducing  and  controlling 
the  level  of  energy  are  analyzed  next.  Then,  methods  oi  control¬ 
ling  the  energy  flow  and  of  absorbing  free  energy  (to  comprise 
damage  if  loss  of  control  happens)  are  also  analyzed.  Finally, 
strategies  for  energy  control  are  established.  Examples  of 
energy  control  strategies  are  as  follows: 

1.  Suppress  or  prevent  the  amount  and 
release  of  energy. 

2.  Separate  the  energy  source  and  the 
target  with  a  barrier. 

3.  Strengthen  the  target  source  and  the 
target  with  a  barrier. 

4.  Provide  rapid  response  to  hazard  to 
minimize  damage. 

The  recommended  controls  to  remove  or 
mitigate  hazards  (removal  of  energy  or  protection  from  energy) 
were  identified  and  recorded  in  column.  Hazard  control  tech¬ 
niques  (e.g.,  standards,  procedures  or  references)  cr  follow-up 
analysis  were  identified  as  shown  in  column  7. 

The  status  of  each  hazard  and  its  con¬ 
trol  is  documented  in  column  &  and  upgraded  as  the  hazards 
analysis  and  the  facility  develops. 

3.5  Results 

It  i3  recommended  that  the  administrative  offibe 
area  be  located  at  the  opposite  end  of  the  building  from  the  test 
cells  and  preferably  upwind  from  potential  vapor  leaks  with  its 
own  separate,  specially  designed  HVAC  system  which  includes  sen¬ 
sors  on  its  air  inlets.  If  >2ppm  S0C12  is  detected,  the  system 
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will  shut  down,  and  an  auxiliary  air  supply  will  be  activated. 
Also,  the  doors  joining  the  administration  and  test  areas  should 
be  sealed.  At  a  distance  of  105  feet  from  the  hazardous  te3t 
cells,  the  administrative  offices  are  considered  far  enough  away 
so  that  under  an  alarm  condition,  personnel  could  evacuate  the 
site  to  a  safe  distance  of  160  feet  from  the  building  in  suffi¬ 
cient  time,  without  contacting  a  cloud  spread.  With  double 
protection  (blast  walls  vapor  sealed  and  a  second  vapor  seal), 
the  likelihood  of  cloud  spread  is  very  minimal  especially  with 
good  air  scrubbing  in  the  hazardous  areas. 

The  one  building,  one-story  design  (configuration 
2)  is  recommended  provided  that  certain  safety  features  are  in¬ 
corporated  into  the  building  design.  Based  on  the  calculations 
for  safe  distance  for  explosion  blast  and  noxious  vapor  clouds 
(see  Table  3),  building  configuration  2  is  acceptable  provided  a 
special  HVAC  system  is  installed  in  the  administration  building 
and  protective  vapor  and  blast  barriers  are  placed  between  the 
test  cell  area  and  nearby  labs.  See  Figure  4  for  final  building 
configuration . 

From  the  ETBA  analysis,  building  configuration  3 
is  most  desirable  but  presents  additional  personnel  interface 
problems.  From  an  operational  and  safety  standpoint,  the  con- 
figuration  2  layout  is  most  desirable.  ' 

4.0  PROCESS  SAFETY  EVALUATIONS 

4 . 1  Hazard  Areas  Hierarchy 

An  analysis  was  conducted  to  determine 
locational  safety  of  the  rooms  and  cells  relative  to  nonhazardous 
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operations.  Arrangements  of  hazardous  operational  rooms  were 
modified  until  common  hazard  (i.e.,  explosion,  noxious,  or  both) 
groupings  were  achieved.  As  shown  in  Figure  4,  the  areas  have 
been  divided  into  three  major  categories  as  follows: 

Category  Situation 

3  Explosion,  fire  and/or  noxious 

possibilities 

2  High  potential  noxious  vapor 

release  areas  with  remote 
possibility  of  explosion. 

1  Slight  possibility  of  noxiou- 

vapor  release  with  no  expl  sion 
possibility. 

Note  that  the  Failure  Analysis  Lab  falls 
between  categories  2  and  1  because  it  will  be  limited  to  very 
small  quantities  of  potentially  hazardous  material  after  a 
failure  has  occurred. 

A  listing  of  each  room/cell,  its  possible 
explosion  or  noxious  vapor  potential  and  it3  hazard  area  is  shown 
in  Table  8. 

5 • 0  HAZARDS  ANALYSIS  RESULTS 

The  energy  Trace  and  Barrier  Analysis  on  the  final  build¬ 
ing  concept  yielded  a  total  of  253  hazard  events.  Typical  ETBA 

result  is  shown  in  Table  9.  Corrective  actions  were  cited  for 

1 

all  of  the.  hazard  events  identified.  The  following  is  a  list  of 
the  hazards  identified  based  on  areas  in  the  facility: 

Area  Hazards 

Abusive  Test  Cells  (2)  40 

Vibration  Test  Cell  38 
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TABLE  8 

HAZARD  HIERARCHY 


HaZard 

AREA  HOXIOUS 


EXPLOSION 


1.  Abusive  Test  Cells  (2  each) 

2.  Temperature  Conditioning  (2  each) 

Test  Cells 

3*  Shock  Test  Cell 

Vibration  Test  Cell 
Centrifuge  Test  Cell 

4.  Non-Abusive  Test  Cell 
Hazardous  Storage  Cell 

5.  Failure  Analysis  Lab 

6 .  Runway 

7*  Test  Sample  Setup 

Interim  Storage/Fhysical 
Inspection 
Receiving/Staging 
Non-Hazardous  Test  and 
Climatic  Conditioring 

8.  Test  Support  Equipment 

and  Computers ' 

Test  Equipment  Fabrication 
and  Repair 
Te3t  Support  Control 
Test  Equipment  Storaga 
Machine  Shop 
Mechanical  Shop 
Electrical  Shop 

9.  Computers 
Offices 


x 

X 


X 

X 

X 

X 

X 


3 

3 

2 

2 

2 

2 

2 

2 

2 

1 

1 


x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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PRELIMINARY  HAZARDS  ANALYSIS 
ENERGY  TRACE  AND  BARRIER  ANALYSIS 


I 


Drop/Shock  Test  Cell  33 
Temperature  Condition  Cells  (2)  33 
Centrifuge  Cell  31 
Non-Abusive  Cell  24 
Non-Hazardous  Te3t  Areas  55 


Corrective  actions  for  all  test  cells  relate  to  providing 
blast  protective  walls,  gas  sensors  and  alarms,  ga3  scrubbing, 
and  vapor  sealed  rooms.  Walls  between  the  test  cells  and  the 
nonhazardous  rooms  also  must  be  blast  resistant  and  vapor  sealed. 
A  secondary  vapor  seal  between  the  nonhazardous  roou>3  and  the  of¬ 
fice  complex  is  also  cited. 

6.0  CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  the  building  concept  design  study,  the  Lithium 
Battery  Test  and  Analysis  Facility  will  be  a  one  building,  one- 
story  design  which  will  allow  3afe  separation  of  office  personnel 
areas  and  the  hazards  potential  in  the  test  cell  area. 

6 . 1  Hazardous  Test  Rooms  Recommendation.3 

The  ten  teat  cells  will  be  enclosed  inside  a  large 
outer  room  which  includes  the  runway.  The  ceiling  of  this  room 
will  be  higher  than  any  of  the  test  rooms  for  total  enclosure  in 
case  of  failure  of  a  cell  to  contain  the  noxious  gases.  The  four 
most  hazardous  test  cells  (two  Abusive  Test  Cells  and  two  Tem-j 
perature  Conditioning  Test  Cells)  should  be  isolated  from  the' 
rest  of  the  test  cells.  The  exterior  area  surrounding  these 
cells  should  be  constantly  ventilated  and  sensor  installed  to 
detect  a  buildup  of  noxious  gases. 

Each  cell  should  have  a  blast  rated  exhaust  vent 
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port,  which  would  have  a  remotely-opened  failsafe  blast  protec¬ 
tive  cover.  The  control  system  should  allow  only  one  cover  to  be 
open  at  a  time,  and  not  allow  testing  in  a  room  if  the  cover  is 
open.  All  the  test  rooms  should  contain  noxious  gas  sensors 
which  will  be  connected  to  a  central  control  for  monitoring. 

Two  scrubbers  should  be  used  to  clean  up  the 
noxious  gases  in  hazardous  areas  2  and  3*  One  would  be  con¬ 
tinually  operated  and  be  used  for  the  venting  of  the  test  cells 
and  one  would  be  operated  as  needed.  This  second  scrubber  should 
be  connected  to  the  first  scrubber  system  in  case  an  accident 
temporarily  overloads  the  first. 

The  vapor  removal  system  should  have  a  particle 
separator  to  remove  the  particles  associated  with  these  gases 
(S02,  S0C12,  and  HC1),  and  then  pass  the  gases  through  packed 
type  scrubbers  using  alkaline  buffered  water  for  removal  of  the 
gase3.  A  separate  scrubbing  system  should  be  utilized  for  the 
nonhazardous  area. 

The  internal  surfaces  of  the  test  cells  and  ex¬ 
posed  surfaces  of  equipment,  installed  in  rooms  where  batteries 
are  present,  should  be  suitably  coated  with  corrosive  resistant 
material,  such  as  resin  coated  fiberglass.  These  surfaces  should 
also  be  water  resistant  to  facilitate  cleanup  after  a  battery  ex¬ 
plosion.  Water  from  remote  washdown  should  be  treated  and  dis¬ 
posed  of  properly.  The  drain  in  each  room  should  be  sealed  with 
a  blast  protecting  cover  to  prevent  gases  from  leaking  out  to 
other  cells  or  rooms. 

The  access  door  into  each  cell  must  be  blast 
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resistant  to  the  rating  of  the  cell  and  be  designed  to  allow  both 
personnel  and  forklift  access  while  forming  a  reliable  seal  to 
prevent  noxious  gas  leakage  in  a  blast  condition. 

6.2  Facility  Layout  Recommendations 

To  minimize  exposure  to  the  hazardous  reaction  of 
a  malfunctioning  battery  during  handling  or  testing,  a  safe 
separation  distance  has  been  incorporated  between  the  test  cells 
and  the  office  area  (area  where  .,~st  personnel  are  located). 

Also,  if  a  release  should  occur,  two  vapor  barriers  are  present 
between  the  test  cells  and  tt  -  office  area.  Although  the  hazard¬ 
ous  reactions  are  occurring  in  specially  designed  te3t  cells, 
there  is  an  inescapable  possibility  that  a  hazardous  reaction 
will  occur  outside  such  a  cell  {e.g.,  during  transport,  setup, 
post  te3t  handling).  If  thi3  unplanned  event  should  occur,  a 
primary  vapor  seal  will  protect  personnel  from  noxious  hazards. 

The  recommended  facility  layout  consists  of  a  onc- 
story  building,  divided  into  thirds.  One-third  of  the  building 
will  be  upwind  of  the  test  cells  for  offices,  the  middle  third 
will  be  used  as  lab  areas.  The  hazardous  labs  requiring  wet 
scrubbing  will  be  located  farthest  from  the  office  area.  Vapor 
barriers  must  be  installed  between  the  scrubbed  and  the  non- 
scrubbed  lab3  to  prevent  vapor  leak  from  entering  the  non- 
3crubbed  areas.  The  final  third  of  the  building  will  contairj  the 
blast  resi-stant  and  vapor  tight  test  cells. 

In  all  areas  (other  than  the  test  cells)  where 
batteries  will  be  handled  while  electrically  connected,  overhead 
hoods,  chemical  hoods,  verted  glove  boxes,  etc.  should  be  incor¬ 
porated  to  handle  any  accidental  gas  release. 
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DESIGN  OF  A  MAGNESIUM  POWDER  PRODUCTION  FACILITY 
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ABSTRACT 

In  its  Arkansas  Operations,  Tracor  Aerospace  has  been  developing 
methods  and  equipment  for  production  of  magnesium  powder  for  use  In  manu¬ 
facturing  magnesium  flares.  This  work  has  been  done  In  a  facility  con¬ 
verted  from  part  of  a  Navy  ammunition  plant  which  was  originally  designed 
and  built  In  1945.  The  development  has  progressed  to  the  production  stage, 
requiring  the  design  and  construction  of  either  a  new  production  facility 
or  a  redesign  and  modification  of  the  existing  facility. 

This  paper  describes  the  redesign  of  the  existing  facility  as  a  mag¬ 
nesium  powder  production  facility.  The  authors  discuss  the  required  facil¬ 
ity  equipment  and  arrangement.  Then,  various  aspects  of  the  design  are 
covered.  These  Include  features  dictated  by  explosives  safety,  efficient 
operation,  and  by  limitations  of  the  existing  facility  size,  configuration, 
and  strength.  Details  of  the  completed  facility  revision  are  illustrated. 
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IKTROOUCTIGN 


The  facility  which  we  discuss  was  originally  part  of  a  U.S.  Navy 
anznunltlon  plant,  designed  and  bull;  In  1945.  The  structure  consisted  of  a 
single-story,  reinforced  concrete  building  which  Included  a  number  of  bays 
used  for  ammunition  production  operations.  Construction  was  typical  of 
blast-resistant  design  for  that  era,  Incorporating  either  foot  thick  single 
walls  or  pairs  of  foot-thick  walls  with  sand  fill  as  dividing  walls  between 
bays.  Exterior  walls  were  ail  one  foot  thick,  and  the  roof  was  somewhat 
lighter,  but  was  supported  at  intervals  with  substantial  reinforced  con¬ 
crete  beams.  Expansion  joints  were  spaced  every  two  bays. 

t  Several  years  ago,  two  adjacent  bays  of  this  structure  were  modified, 
and  a  light  metal  superstructure  was  added,  to  adapt  the  facility  for  pilot 
plant  operations  for  magnesium  powder  production.  A  safety  analysis  was 
conducted  to  determine  If  explosion  venting  was  adequate  In  the  atomizer 
rooms  which  had  been  the  original  explosive  bays  (see  Ref.  1).  Vent  areas 
were  Increased,  based  on  the  analyses  In  Ref.  1. 

Pilot  plant  results  dictated  development  of  a  full-scale  magnesium 
powder  production  facility.  Options  then  Included  construction  of  a  com¬ 
pletely  new  production  facility,  or  the  redesign  and  modification  of  the 
existing  facility. 

This  paper  reports  the  analysis,  design  and  re-work  of  the  existing 
facility  which  was  selected  as  the  preferred  option. 

II.  DESIGN  REQUIREMENTS 
A.  General 

Magnesium  powder  production  is  a  batch  process.  Magnesium 
ingots  are  melted  in  a  large  tilt  furnace.  The  furnace  is  pivoted  to 
allow  gravity  pour  into  smaller  crucibles,  which  are  in  turn  poured 
into  the  top  of  a  cylindri -conical  vessel  for  atomization.  The  atom¬ 
ization  vessel  Is  sealed  and  pressurized  with  argon  for  atomizing. 
Resulting  magnesium  powder  Is  transferred  by  pressure  difference 
through  piping  to  another  building  where  It  is  discharged  Into  con¬ 
tainers. 

The  powder  production  facility  includes  a  furnace  rcon,  a  con¬ 
trol  room  and  an  atomization  room.  The  furnace  room  must  be  located 
over  the  atomization  room  to  allow  gravity  feed  of  molten  magnesium 
to  the  atomizer.  Control  of  the  process  is  best  achieved  if  the  con¬ 
trol  room  Is  on  the  same  level  as  the  furnace  room.  Direct  observa¬ 
tion  of  the  tilt  furnace  operation  from  the  control  room  is  very 
desirable. 

Accidental  explosions  are  possible  in  both  the  furnace  room  and 
the  atomizer  room.  In  the  furnace  room,  low-onergy  physical  explo¬ 
sions  can  occur  If  molten  maynesium  contacts  water.  In  the  atomizer 
room,  discharge  cf  a  cloud  of  magnesium  powder  and  a  subsequent  mag¬ 
nesium  powder  explosion  is  possible. 
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Design  requirements  for  various  parts  of  the  facility  based  on 
this  description  follow. 

B.  Furnace  Room 

This  room  contains  the  heavy  tilt  holding  furnace,  a  storage 
area  for  magnesium  Ingots,  a  preheat  oven  and  some  other  lighter 
pieces  of  equipment.  These  items  and  their  desired  arrangement  apply 
significant  dead  loads  to  their  supporting  structure.  The  room  must 
be  protected  from  the  weather,  and  must  have  a  door  large  enough  to 
allow  pallets  of  ingots  to  be  brought  In.  A  personnel  door  to  the 
control  room  is  also  required. 

Although  great  care  Is  taken  to  prevent  water  from  contacting 
molten  magnesium,  it  Is  still  remotely  possible  that  molten  magnesium 
spills  could  occur,  trapping  a  small  quantity  of  water.  A  stream  ex¬ 
plosion  could  then  occur,  causing  blast  loading  of  the  walls  and  roof 
of  the  furnace  room.  For  design,  the  amount  of  water  assumed  to 
cause  a  stream  explosions  was  one  pint. 

The  general  layout  of  equipment  In  the  furnace  room  Is  shown  in 
a  plan  view  In  Figure  1. 

C.  Control  Room 

This  room  Is  adjacent  to  the  furnace  room.  It  contains  a  num¬ 
ber  of  fairly  heavy  pieces  of  control  equipment,  and  typically  houses 
up  to  eight  people.  It  Is  separated  from  the  furnace  room  by  a 
blast-resistant  wall.  A  single,  blast-resistant  observation  window 
in  the  blast  wall  allows  an  operator  to  observe  tilt  furnace  opera¬ 
tion.  An  emergency  exit  door  and  stairs  to  ground  level  are  for 
safety. 

The  required  size  and  location  for  the  control  room  dictate 
that  It  must  be  either  cantilevered  from  the  existing  structure,  or 
supported  from  ground  level. 

D.  Atomizer  Room 

This  room  must  be  located  beneath  the  furnace  room.  It  Is 
adapted  from  a  bay  of  the  original  structure,  with  modifications  to 
allow  adequate  magnesium  powder  explosion  venting. 

E.  Other  Requirements 

The  postulated  steam  explosion  In  the  furnace  room  applies 
blast  loads  to  the  blast  wall  between  the  furnace  room  and  control 
room,  the  observation  window,  the  personnel  door  In  this  wall,  all 
walls  and  roof  of  the  furnace  room  structure,  and  transmitted  loads 
to  the  (steel)  superstructure.  All  structures  must  be  designed  to 
withstand  these  dynamic  loads,  or  checked  for  adequate  resistance  to 
these  loads. 
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The  amount  of  magnesium  powder  which  could  explode  in  the  atom¬ 
izer  room  is  greater  for  production  operation  than  for  the  pilot 
plant  operation  discussed  in  Ref.  1.  So,  vented  blast  loads  within 
this  room  must  be  recalculated,  and  the  structural  strength 
reassessed. 


111.  ANALYSIS  AND  DESIGN 
A.  General 

The  weight  of  the  large  tilt  furnace,  holding  furnaces  and 
peripheral  equipment  were  great  enough  that  the  reinforced  concrete 
roof  deck  of  the  existing  structure  was  inadequate  to  carry  these 
loads  safely.  A  superstructure  floor  system  was  designed  to  transfer 
the  furnace  room  loads  to  the  reinforced  concrete  walls  of  the  exist¬ 
ing  structure  below  which  then  carry  the  load  directly  Into  the  foun¬ 
dation.  Additionally,  a  pre-engineered  manufactured  metallic  build¬ 
ing  was  purchased  to  provide  an  environment  protected  from  the 
elements  for  furnace  room  operations. 

Space  requirements  for  furnace  room  operations  dictated  that 
the  adjacent  control  room  extend  beyond  the  existing  facility  wall 
below.  By  cantilevering  the  support  structure  for  the  furnace  room 
beyond  the  existing  support  wall,  the  control  room  was  constructed 
without  the  additional  expense  of  providing  new  support  columns. 

A  metallic  building  'lean-to'  type  structure  was  designed  to 
provide  the  adjacent  control  room  area.  By  attaching  to  the  furnace 
room  structure,  the  lean-to  design  takes  advantage  of  lateral  bracing 
provided  by  the  furnace  room  rigid  frame  design.  A  typical  cross- 
section  of  the  furnace  and  control  room  structure  located  above  the 
atomization  bay  is  shown  in  Figure  2. 

Additional  features  of  the  design  included  a  stainless  steel 
sheet  cover  attached  to  the  existing  concrete  roof  deck  to  prevent 
contact  of  any  molten  magnesium  from  an  accidental  spill.  A  sheet 
pan  was  provided  of  a  size  large  enough  to  capture  th  largest  proba¬ 
ble  accidental  spill.  Floor  grating  around  the  tilt-furnace  area 
provided  a  work  platform  as  well  as  a  means  for  any  split  magnesium 
to  be  collected  by  the  sheet  pan.  A  bridge  crane  was  also  incorpo¬ 
rated  into  the  furnace  room  design  to  handle  the  movement  of  the 
manganese  ingots  from  the  storage  pallets  to  the  pre-heat  furnace  and 
finally  to  the  tilt  furnace.  A  jib  crane  lifts  the  pallets  from 
ground  level  into  the  roof-top  furnace  bay. 

Additional  details  of  the  analysis  and  design  for  each  area  are 
provided  in  the  following  sections. 


1119 


B.  Furnace  Room  and  Control  Room 

These  operational  areas  are  grouped  together  for  discussion 
since  both  share  the  same  principal  support  structure.  A  grldwork  of 
MIS  steel  girders  were  placed  spanning  the  roof  deck  and  cantilevered 
on  one  end.  These  girders  are  braced  at  regular  Intervals  with  M3 
steel  beams.  The  M16  framing  plan  is  shown  in  Figure  3.  The  eleva¬ 
tion  of  the  top  of  the  M16  girders  was  set  such  that  the  tilt  furnace 
would  sit  directly  on  top  of  two  of  these  girders,  thus  most  effec¬ 
tively  transferring  Its  21,500  lb.  weight  to  the  reinforced  concrete 
support  walls. 

Other  significant  furnace  area  equipment  loads  are  applied  to 
different  floor  level  beams  which  eventually  transfer  all  loads  to 
the  main  W16  girders  through  stub-type  pipe  columns.  These  weights 
include  a  12,000  1b  holding  furnace  and  a  9,000  lb  loaded  pre-heat 
oven. 


Safety  lug  pattern  floor  plate  *s  used  in  the  work  area  away 
from  the  potential  spill  area  near  the  tilt  furnace.  This  plate  has 
a  coating  applied  to  reduce  the  corrosive  effects  of  the  magnesium 
chloride  vapors.  Additionally,  all  structural  steel  in  the  furnace 
room  was  coated  with  a  coal-tar  epoxy. 

The  purchased  pre- engineered  metallic  building  was  sized  ini¬ 
tially  only  to  house  the  furnace  room.  The  metallic  building  columns 
were  attached  directly  to  the  M16  support  girders.  A  structural 
steel  frame  'lean-to'  was  subsequently  designed  to  provide  an  adja¬ 
cent  control  room.  Standard  metallic  building  components  matching 
those  of  the  furnace  room  were  then  used  to  enclose  the  control  room. 

Investigations  were  made  to  determine  if  by  attaching  the  blast 
wall  (located  between  the  furnace  and  control  rooms)  directly  to  the 
columns  of  the  metallic  building,  advantage  could  be  taken  of  the 
stiffness  of  the  entire  structure  thereby  reducing  costs  associated 
with  any  type  of  vertical  cantilevered  blast  wall  support  structure. 
The  two  conditions  analyzed  are  shown  In  Figure  4.  The  results  of 
these  analyses  however,  indicated  that  the  loads  Induced  in  the  con¬ 
trol  room  structure  would  impact  the  structural  design  requirements 
significantly  and  it  was  best  to  develop  a  full  moment  resistant  con¬ 
nection  at  the  W16  girder  and  provide  cantilevered  support  for  the 
blast  wall  independent  of  the  control  room  or  furnace  room  framing. 
Details  of  the  blast  wall  design  are  given  in  the  next  section. 

A  brief  summary  of  the  structural  design  approach  for  the  en¬ 
tire  superstructure  is  provided  in  Table  1. 


1121 


CONCRETE  WALL 
SUPPORT 


CASE  1 


CASE  2 

Figure  4.  Schematic  Of  Structural 
Systems  Investigated 


Table  1. 

Structural  Design  Methodology  for  Facility  Upgrade 


1.  Identify  all  dead  load  and  live  load  requirements  for  the  new 
superstructure  to  be  built  above  and  supported  by  the  existing 
reinforced  concrete  bay  structure  housing  the  proposed  atomiza¬ 
tion  room. 

2.  Initially  size  the  main  structural  support  girders  based  on  the 
equipment  dead  loads  and  assumed  live  loads  distributed  on 
girder  tributary  areas. 

3.  Perform  a  detailed  frame  analysis  Investigating  wind  and  snow 
loads  acting  on  the  complete  system  incorporating  a  steel  lean- 
to  frame  attached  to  the  metallic  building  purchased  for  the 
furnace  area.  The  control  room  frame  Is  assumed  to  be  pinned 
at  the  connection  to  the  metallic  building  with  a  rigid  knee 
design  at  the  outside  wall.  The  rigid  knee  provides  additional 
stiffness  to  the  complete  structural  system.  A  schematic  of 
the  analyzed  frame  Is  provided  in  Figure  4. 

4.  Design  a  full  moment-resistant  connection  between  the  blast 
wall  column  and  the  W16  support  girder. 

5.  Design  the  remaining  floor  structure  required  to  transfer  fur¬ 
nace  room  operation  loads  to  the  W1S  support  girders. 

6.  Check  the  capacity  of  the  existing  reinforced  concrete  support 
walls  for  adequacy  to  carry  the  superstructure  loads. 

7.  Design  the  bridge  crane  runway  girder  and  support  frame  struc¬ 
ture. 


C.  Blast  Walls 

An  upper  limit  for  the  explosive  energy  release  of  a  steam 
explosion  due  to  molten  magnesium  being  dropped  into  a  small  amount 
of  water  was  calculated  using  the  properties  of  steam  and  an  estimate 
of  the  maximum  amount  of  water  which  could  be  accidentally  left  or 
trapped  in  a  furnace  when  molten  magnesium  is  poured  Into  it. 
Because  of  the  emphasis  and  awareness  by  operating  staff  of  problems 
which  could  occur  in  this  situation,  it  was  assumed  that,  at  most, 
one  pound  of  water  could  be  accidentally  trapped  and  contribute  to  a 
steam  explosion.  The  energy  release  from  this  explosion  was  calcu¬ 
lated  to  be  1556  BTU.  Accident  investigations  of  foundry  steam 
explosions  show  effects  very  similar  to  TNT  explosions,  with  strong 
air  shock  waves  being  developed.  Converting  the  energy  from  the 
steam  explosion  into  an  equivalent  TNT  energy  and  accounting  for 
enhancement  due  to  reflection  from  the  bottom  of  furnace  or  ladle,  an 
equivalent  vtight  of  TfiT  was  calculated  to  be  1.602  ’b. 
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The  blast  wall  separating  the  control  room  from  the  furnace  room  had 
a  height  of  13  ft  4  In  and  a  length  of  56  ft.  Separated  Into  three 
large  panels  and  two  narrow  strips  by  I-beams  with  the  blast  source 
positioned  10  ft  from  the  wall  as  illustrated  In  Figure  5,  Panels  1 
and  2  will  be  the  most  heavily  loaded  sections.  Panel  3  '•111  receive 
only  &;inor  blast  loads  in  comparison.  For  Panels  l  and  2,  a  BASICA 
program  was  incorporated  to  aid  blast  load  calculations.  Th  •  program 
calculated  the  geometry  and  scaled  distances  for  blast  loads  on  a 
wall  at  certain  standoff  distances,  which  were  then  applied  to  stan¬ 
dard  TNT  curves  to  retrieve  reflected  pressure  and  specific  impulse. 
Because  the  program  assumes  the  blast  source  is  centered  on  Ine  spa. , 
this  method  yielded  a  good  approximation  for  average  blast  loads  over 
Panel  1  and  half  of  Panel  2.  For  Panel  3,  the  blast  load  was  calcu¬ 
lated  using  the  average  of  the  independent  loads  at  each  of  the  four 
comers.  Besides  tne  three  panels  on  the  blast  wall,  there  are  two  1 
ft  4  in  wide  strips  of  wall  on  either  side  of  the  panels.  Both  are 
subjected  to  a  blast  load,  with  the  one  closest  to  the  blast  source 
being  the  worst  case.  To  calculate  che  blast  loads  on  the  worst-case 
strip,  it  was  divided  into  two  sections  and  the  average  of  the  two 
independent  loads  was  used  in  further  calculations. 

Results  of  the  loading  on  the  blast  wall  are  given  in  Table  2.  The 
duration  of  the  load  is  given  by: 


td 


2  ir 
~Pr 


where  td  is  duration  of  the  load 

ir  is  reflected  specific  Impulse 
Pr  is  reflected  overpressure. 


Table  2. 


Average  Loads 

on  Blast  Wall  Panels 

Er_ Ipsll 

iL 

MMssl 

Panel  1 

10.22 

1.28  x  10*2 

2.50  x  10*3 

Panel  2 

10.22 

1.28  x  10-2 

2.50  x  10-3 

Panel  3 

3.34 

4.04  x  10‘3 

2.42  x  10-3 

Strip 

10.25 

7.84  x  1C’3 

1.53  x  10’3 

The  dynamic  analysis  methods  used  are  described  In  Refs.  2-4. 
In  these  methods,  the  real  structural  elements  are  first  converted  to 
equivalent  slngle-degree-of-freedom  (sdof)  systems.  The  methodology 
for  calculating  the  elastic-plastic  response  of  these  sdof  systems  Is 
found  In  both  references  and  was  aided  by  a  computer  program  written 
In  BASICA.  The  program  gives  both  numerical  solutions  and  graphs  of 
the  displacement-time  histories  of  the  responses.  To  use  Biggs'  sdof 
response  methods,  a  few  preliminary  calculations  to  convert  proper¬ 
ties  for  the  real  elements  to  the  equivalent  sdof  value  were  made. 
Dynamic. strength  properties  must  be  used  rather  than  static  proper¬ 
ties.  Thus,  we  see  that 

ody  -  1.25  oy 

ody  -  1.25  (36000)  -  45000  psl 
for  a  rectangular  element,  the  plastic  section  modulus  Is 

Z  -  bh2/4 

and  the  moment  of  Inertia  Is 
I  -  bh3/12 

The  modulus  of  elasticity  Is 

Es  •  30  x  10®  psi 

From  References  2  and  3,  conversion  factors  are  established  for  the 
panels  and  strips. 

The  blast  wall  panel  design  was  a  built-up  structure  with 
C3x4 . 1  channels  and  1/3"  thick  steel  cover  plates,  all  of  which  were 
made  of  A36  steel.  The  ,)anels  were  then  placed  within  the  flanges  of 
the  I-beams  which  separated  the  panels  (see  Figure  6).  For  the 
dynamic  structural  response  analysis.  Panel  2  was  considered  worst- 
case  due  to  its  longer  span  and  assumed  to  be  simply- supported  at  the 
sides.  Due  to  the  fact  that  the  spaclngs  of  the  chosen  number  of 
channels  are  not  equal,  the  panel  as  a  whole  was  considered  In  the 
analysis.  Bending  of  the  face  plate  between  channels  was  also  ana¬ 
lyzed  assuming  clamped-clamped  boundary  conditions.  The  1/8"  thick 
A36  steel  wall  strip  was  considered  as  a  cantilevered  beam.  The  S12 
x  40  I-beam  supporting  the  blast-loaded  panels  was  assumed  to  be 
fixed  on  one-side  and  cantilevered  on  the  other  with  one-half  of  a 
blast  loaded  panel  on  either  side.  All  the  structural  elements  were 
designed  not  to  exceed  a  maximum  dynamic  deflection  of  p  -  15. 

The  results  of  the  elastic-plastic  sdof  system  analyses  for  the 
blast  wall  panels,  strips,  and  beams  are  shown  In  Table  3.  The 
dynamic  response  calculations  show  that  all  elements  were  w'thin  the 
design  requirements.  Since  the  elements  analyzed  were  the  most  heav¬ 
ily  loaded,  the  worst-case  elements  were  adequate  to  support  the 
structure  at  other  locations. 


Table  3. 

Maximum  Responses  of  Blast  Wall  Structural  Elements 


Element 

ym(in) 

yel(ln) 

p* 

Panel  1 

2.21 

4.28 

0.52 

Panel  2 

Bending  Face  of  Panel 

0.384 

0.460 

0.84 

Strip 

2.48 

2.29 

1.08 

Beam 

13.77 

3.37 

4.09 

*  p  <15  Is  acceptable  {p  is  the  ductility  ratio  and  Is  defined  as  p  - 
ym/yel) 


The  steel .  blast  wall  contains  two  doors,  one  3  ft  x  7  ft 
personnel  door  and  one  4  ft  x  7  ft  3  In  equipment  door,  and  one  3  ft 
x  1  ft  viewing  window.  The  doors  and  windows  must  be  blast  proof  In 
the  event  of  an  accidental  steam  explosion.  All  three  Items  were 
designed  for  a  maximum  dynamic  deflection  not  to  exceed  p  •  15.  The 
blast  window  was  made  of  polycarbonate  1/4  in  thick  with  the 
following  properties: 

7-74.9  lb/ft3 

ay  -  9.8  x  103  psl 

E  -  3.2  x  105  psl 

where  7  Is  specific  weight 

oy  Is  the  static  yield  stress 

E  Is  the  modulus  of  elasticity. 

The  window  had  at  least  one  Inch  of  clamping  distance  on  each  edge 
and  was  positioned  in  a  steel  clamping  plate  which  In  turn  was  bolted 
In  place  in  the  blast  wall  (see  Figure  7).  Both  the  personnel  door 
and  the  equipment  door  were  made  of  1/4  in  thick  A36  steel  with  a  one 
inch  wall  overlap  on  the  blastward  side  of  the  blast  wall  and  a 
channel  frame  around  the  wall  opening  (see  Figure  7).  The  doors  were 
assumed  to  be  simply-supported  on  two  sides.  Blast  load  calculations 
were  made  to  the  center  of  each  element,  taking  Into  consideration 
the  angle  of  incidence  (Reference  4). 


The  results  of  the  pressure  loading  calculations  and  the 
elastic-plastic  sdof  system  analyses  for  the  blast  wall  window  and 
doors  are  given  In  Table  4  and  5,  respectively.  All  elements  stayed 
well  within  the  maximum  dynamic  deflection  allowed,  and  did  not 
deform  plastically. 


Table  4. 


Pressure  Loads  on  Window  and  Doors  In  Blast  Wall 

Element 

Pro  (psl) 

Iro  (psl -sec) 

td  (sec) 

Window 

16 

1.7  x  10'2 

2.125  x  10_: 

Personnel  Door 

1.3 

2.23  x  10’3 

3.42  x  10-3 

Equipment  Door 

0.7 

1.29  x  10*3 

3.68  x  10-3 

Table  5. 

Maximum  Responses  of  Elements  In  Blast  Wall 


Element 

Ym  (In) 

Yel  (In) 

Window 

1.566 

10.9 

0.143 

Personnel  Door 

0.144 

2.43 

0.059 

Equipment  Door 

0.185 

4.32 

0.043 

0.  Atomization  Room 

In  Reference  1,  a  safety  analysis  was  made  to  determine  the 
required  vent  area  in  the  atomizer  room  to  prevent  a  catastrophic 
failure  of  the  structure  In  the  event  of  an  accidental  dust  explosion 
of  magnesium  powder  in  air.  With  the  new  production  plant,  it  was 
decided  to  Increase  the  vent  area  significantly  with  an  increase  in 
the  mass  of  magnesium  present  In  the  room  at  any  time.  The  vent  area 
was  ircreased  from  two  vent  areas  of  9'  5"  x  8'  and  76”  x  V  to  three 
areas  of  5'  10"  x  10'  6",  9'  10”  x  V  1\  and  9'  10"  x  8'  1".  The 
amount  of  magnesium  was  Increased  from  100  lb  to  1500  lb.  The 
procedure  for  determining  the  elastic-plastic  response  of  the 
structure  to  an  accidental  dust  explosion  was  given  In  Reference*  1 
and  those  methods  were  used  In  this  analysis  on  the  wall,  roof  and 
door  of  the  atomization  room,  except  that  In  this  analysis  we  allowed 
the  nitrogen  and  unburned  magnesium  to  absorb  the  heat  of  the 
reaction. 


The  bay  structure  Is  reinforced  concrete  and  of  World  War  II 
vintage.  We  assumed  the  rebar  was  Grade  40,  the  most  cowon  grade 
then  In  use.  The  front  and  rear  walls  are  12  Inches  thick  and  have 
reinforcing  consisting  of  #4  rebars,  12  Inches  on  centers,  each  way, 
each  face.  The  rebar  grids  are  placed  on  both  sides  of  the  wall 
about  1.5"  from  the  wall  face.  The  pressure-time  history  of  such  an 
explosion  Is  given  In  Figure  8  and  the  results  of  elastic-plastic 
sdof  system  analyses  on  the  structural  elements  are  given  In  Table  6. 
The  table  shows  that  the  steel  door  has  only  small  elastic  deforma¬ 
tions;  the  rear  wall  has  permanent  deformation  with  jt  »  1.47,  but 
well  below  the  acceptable  limit  of  /»  -  15;  while  the  roof  experiences 
the  greatest  deformation  with  it  -  3.13,  but  Is  still  quite  safe.  The 
t  '  conclusion  was  that  the  venting  was  adequate  to  limit  the  effects  of 
worst-case  magnesium  dust  explosions  to  safe  levels,  for  structural 
Integrity.  But,  a  large  dust  fireball  would  be  ejected  out  the 
vents,  and  burn  outside  the  building. 


Table  6. 

Maximum  Structural  Response  of  Atomization  Room  Elements 


Element 

Ym  (In) 

Yel  (In) 

A 

Wall 

0.45 

0.361 

1.47 

Roof 

1.13 

0.361 

3.13 

Door 

0.52 

42.8 

0.012 

The  roof  of  the  bay  varies  somewhat  In  thickness,  being 
thickest  along  a  transverse  centerline  and  tapering  uniformly  to  an 
edge  which  overhangs  the  fore  and  aft  walls  by  several  feet.  The 
average  thickness  is  about  8  inches  and  reinforcing  consists  of  #3 
rebars,  12  inches  on  centers,  both  ways,  both  sides.  The  rebar  grids 
are  displacea  on  opposite  sides  of  the  roof  such  that  the  center  of 
the  outermost  rebars  are  nominally  1.0  inch  from  the  wall  face.  The 
entrance  door  Is  a  3'  x  7'  steel  pi  at j  located  in  the  rear  wall  of 
the  atomizer  rocm. 


IV.  DISCUSSION 

The  magnesium  powder  production  facility  now  in  operation  at  Tracer 
Arkansas  operations  is  a  good  example  of  careful  rebuilding  and 
modification  of  an  old  explosives  facility  for  new  and  very  different  uses. 
Lessons  learned  in  pilot  plant  operations  in  the  same  facility  guided  the 
modifications  for  production  use.  The  design  modifications  Include 
explosion-resistant  components,  but  they  are  dominated  by  design  for  dead 
loads  for  heavy  equipment  needed  in  the  production  operation. 

Modification  of  an  existing  facility  prov°d  to  be  considerably  less 
costly  and  required  less  time  than  the  design  and  construction  of  a  new 
facility. 
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Figure  8  .  Pressure  -  Time  History  in  Atomization  Room 
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COMPUTERIZED  BANK  OP  EXPERIENCES  FROM  ACCIDENTS  IN  THE 
EXPLOSIVES  INDUSTRY 


Alf  Rosberg 
Safety  Manager 

Nobel  Industries,  Karlskoga,  Sweden 


An  accident  occurred  some  years  ago  while  "rings" 
of  propellant  for  mortars  were  being  pressed 
out  of  flat  propellant  foil.  A  pressing  tool 
which  is  illustrated  below  was  being  used. 


Circular  press 

Rubber  ejection  device 

n 


In  order  to  test  a  new  tool,  rings  were  cut  out 
of  single  propellant  foils. 


This  worked  very  well.  In  order  to  increase  capacity, 
several  propellant  foils  were  placed  on  top  of 
each  other  so  that  several  rings  could  be  pressed 
out  together.  ...... 

Adiabatic  compression 


L . — = - 


At  this  point  en  explosion  occurred  in  which 
three  people  were  injured  (eye  injuries  and  burns) . 
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In  the  subsequent  investigation,  the  following 
comment  was  pronounced  by  an  experienced  designer: 

■-  There  must  be  a  ventilation  hole  in  the  press 
otherwise  air  is  compressed  adiabatlcally  inside 
the  press.  The  air  becomes  so  hot  that  it  can 
ignite  the  propellant.  This  is  a  well-known  fact”. 

There  are  old  and  good  traditions  within  the 
explosives  industry  concerning  the  careful  investiga 
tion  of  accidents  and  near-accidents.  The  intention 
is  to  gather  all  the  information  and  experience 
we  can  so  that  safer  handling  methods  can  be 
implemented  in  the  future.  This  information  relating 
to  actual  accidents  is  especially  significant 
when  it  comes  to  justifying  a  method  of  working 
for  example. 

We  have,  however,  seen  obvious  difficulties  within 
the  Swedish  explosives  industry  in  keeping  this 
information  up-to-date  and  in  transferring  this 
information  to  the  new  generation  of  designers 
and  operations  managers.  Unfortunately,  whan 
an  accident  occurs,  we  often  see  that  a  similar 
accident  has  occurred  previously. 

In  an  attempt  to  solve  this  information  problem, 
we  here  in  Sweden,  have  started  a  project  to 
build  up  a  computer-based  system  for  storing 
and  retrieving  information  in  previous  reports 
of  accidents  and  near-accidents.  The  aim  is  that 
it  shall  be  possible  to  find  adequate  information 
for  every  individual  situation.  If  I  am  to  take 
out  a  tool  for  propellant  pressing,  I  should 
be  able  to  investigate  if  these  sorts  of  experiences 
exist  from  "pressing  of  propellant" . 

The  project  has  been  divided  into  the  following 
stages: 

*  Selection  of  computer  system. 

*  Designing  of  format  for  report  summaries. 

*  Gathering  of  accident  and  near-accident 
reports. 

*  Producing  report  summaries  for  all 
reports 

(translating  foreign  reports). 

*  Piling  these  in  the  computer  system. 

*  Producing  a  manual  for  users. 
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We  have  had  access  to  an  information  retrieval 
system  called  STAIRS  which  is  an  IBM  product. 

This  allows  free  test  searching  in  all  the  material 
filed  in  the  computer  bank. 


Format  for  report  summaries 

The  reports  which  are  available  differ  widely 
as  regards  design  ar.dlcooteet3  etc.  In  order 
to  make  the  reporting  of  information  more  systematic 
we  have  produced  a  model  format  for  report  summaries 
(Appendix  1) . 


Collecting  accident  and  near-accident  reports 

We  collected  all  the  reports  we  could  get  hold 
of  from  the  Swedish  and  Scandinavian  explosives 
industry.  We  have  also  made  use  of  all  the  reports 
distributed  by  SAFEX  and  a  smaller  number  of 
reports  from  /E&M  and  IME. 


Report  summaries 

After  the  basic  material  has  been  produced  in 
the  form  of  original  reports,  the  contents  have 
been  treated  systematically  in  accordance  vith 
the  report  summary  format  described  earlier. 


Filing  in  computer  bank 

The  text  in  these  report  summaries  has  been  filed 
manually  in  the  computer  bank  using  a  conventional 
terminal. 


Manual  for  users 

Finally,  a  summarized  manual  for  user 3  has  been 
produced  in  order  to  facilitate  the  use  of  the 
computer  bank. 
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Using  the  corputer  bank 

As  stated  earlier,  the  computer  bank  is  built 
cp  so  that  it  is  possible  to  search  freely  within 
all  filed  text.  This  is  an  important  function 
in  order  to  obtain  a  user-friendly  system. 

As  an  introduction,  we  can  take  the  accident 
described  as  an  example: 

*  A  designer  ha3  the  task  of  producing 

a  tool  for  pressing  propellant.  He 
then  wants  to  investigate  if  there 
are  any  experiences  from  accidents 
or  near-accident3  to  which  he  should 
take  consideration.  The  designer  can 
then  make  a  search  in  the  computer 
bank  as  an  individual  or  through  us 
in  the  Safety  Service. 

In  thi3  case,  the  important  words  to 
be  searched  for  are  propellant  (the 
substance  in  question)  and  pressing 
(the  work  operation). 

He  also  ask  if  there  are  any  reports 
in  which  the  words  propellant  and  pressing 
appear  in  the  text  at  the  same  time. 

When  this  extraction  has  been  made, 
we  take  all  or  part  of  the  report  summary 
in  order  to  see  if  it  can  provide  any 
usable  information.  If  we  wish  to 
know  more,  we  can  easily  go  back  from 
here  to  the  original  report  or  contact 
the  company  where  the  event  occurred. 

Already,  we  can  see  that  if  there  had 
been  a  hole  for  evacuation  of  air, 
the  accident  could  have  been  avoided. 

In  this  way  we  can  make  the  information 
in  accident  reports  available  at  the 
starting  point  for  each  separate  need. 


Situation  today  -  Experiences 

The  computer  bank  today  includes  c.  1000  accident 
reports. 
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The  cor.puter  bank  has  begun  to  be  usee  as  a  source 
of  information  in  connection  with  risk  analyses, 
design  of  new  equipment  and  for  training.  The 
response  so  far  has  been  good,  but  there  still 
remains  a  great  deal  of  work  before  the  system 
is  complete.  One  of  the  most  important  requirements 
is  to  find  further  sources  of  information  to 
feed  into  the  computer  bank. 

The  system  is  now  based  on  the  Swedish  language 
but  if  the  interest  exists,  it  should  be  relatively 
easy  to  translate  into  English.  A  company  or 
an  organization  would  then  be  required,  however, 
to  take  responsibility  far  running  a  computer 
bank  of  this  type. 
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Foraat  •*  Report  suaaary 
DATS  030680 

BEADING 

COUNTRY/COMPANY 
EQUIPMENT 
WORK  OPERATION 
PRODUCT 
SUBSTANCE 

QUANTITY 

SEQUENCE  OP  EVENTS 


PERSONAL  INJURIES 

MATERIAL  DAMAGE 
CAUSE 

MEASURES  TO  BE  TAKEN 


REFERENCE 

R0601  *  END  OF  DOCUMENT  IN  THE  RECORD  -  PRESS 
OR  GIVE  COMMAND 
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PICTURE  OP  REPORT  SUMMARY 
* 

SEARCH  -  QUERY 

00001  'PROPELLANT'  AND  'PRESSING' 

BOOH  Document  *  1  of  1 

DATE  030 $30 

CLASS  001 

CLASS  1  000 

CLASS  2  001 

CLASS  3  000 

HEADING 

EXPLOSION  AND  FIRE  IN  PROPELLANT 
PRESS  BZ6 
COUNTRY/COMPANY 

Sweden/Nobel  Chemicals,  Dept.  NVK  1 

EQUIPMENT 

Excentec  press 
WORK  OPERATION 

Pressing 

PRODUCT 

Propellant 

SUBSTANCE 

Test  propellant  N£K  5098  'Horse-shoe  shaped 
propellant' 

QUANTITY 

7  kg  , 

SEQUENCE  OP  EVENTS 

Propellant  foil  was  laid  out  in  packs  on  the 
pressing  pad,  sizes  -  0.1  mm  foil  in  3-4  sun 
thick  packs,  and  0.12  nun  foil  in  5-10  nun 
thick  packs.  The  pressing  of  the  0.1  mm 
foil  was  completed  and  when  the  first  pressing 
of  the  0.12  ma  foil  was  carried  out,  the 
foil  in  the  pressing  tool  exploded  and  the 
foil  next  to  it  burned  .up. 

PERSONAL  INJURIES 

1  with  eye  injuries  and  grade  2  burns 

2  with  grade  1  and  2  burns 
MATERIAL  DAMAGE 

Inconsequential 

CAUSE 

Probably  adiabatic  compression  in  the  inner 
ring  of  the  pressing  tool. 

MEASURES  TO  BE  TAKEN 

Pressing  tool  shall  be  ventilated.  Foil  pressing 
shall  take  place  in  shelter.  Sprinklers  shall 
not  be  turned  off  during  work  with  explosives. 
Positioning  of  sprinkler  detectors  must  be 
carried  out  very  carefully. 

REFERENCE 

OPH10  -  report. 
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RESULTS  OF  AN  EXPLOSION  IN  A  SWEDISH  MUNITION  STORAGE 


By 

Bengt  E  Vretblad  &  Slwert  E  Eriksson 
FortF  -  Royal  Swedish  Fortifications  Administration 
Eskllstuna,  Sweden 
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ABSTRACT 


On  November  26,  1985,  a  military  ammunition  depot  In  JSrna  50  km  southwest  of 
Stockholm  blew  up  due  to  criminal  actions. 

After  the  blew  up  the  area  had  to  be  cleaned  up  and  secured  from  ur.exploded 
munitions.  Also  studies  were  made  of  the  breakup  of  the  building,  cratering 
effects,  demolition  In  the  close  In  range,  throw  of  fragments  and  debris  and 
effects  on  buildings  at  larger  distances. 

Comparisons  were  made  with  regulations. 

The  main  results  from  the  studies  and  comparisons  are  given  In  the  paper. 


BACKGROUND 

In  Sweden  there  are  many  ammunition  storages,  both  for  the  forces  In  the  de¬ 
fense  and  for  the  civilian  community.  There  are  both  aboveground  magazines  and 
magazines  In  rock.  For  the  two  kinds  of  magazines  a  large  variety  of  technical 
solutions  exists  depending  e  g  on  the  location,  the  amount  of  and  the  kind  of 
explosives  to  be  stored  and  the  materials  available  for  building. 

In  Jarna  50  km  southwest  of  Stockholm  a  munition  storage  of  concrete  had  been 
built.  On  November  26,  1986,  It  was  blown  up. 

In  Sweden  FortF  has  the  responsibility  to  make  tha  buildings  for  the  national 
defense.  Conclusively,  the  magazine  In  JSrna  was  of  FortF  design. 

i 

The  geometry  of  an  aboveground  magazine  Is  regulated  In  III  together  with 
maximum  equivalent  amount  af  TNT  to  be  stored  l.i  It  as  well  as  the  QED  under 
these  conditions.  The  drawings  for  construction  as  well  as  technical  details 
are  available  from  standard  drawings  from  FortF. 

The  magazine  In  Jama  Is  shown  In  figure  1. 
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Figure  1.  The  aboveground  munition  storage  In  Jarna. 

In  this  design  different  rooms  In  the  building  are  separated  from  each  other 
and  are  only  to  be  reached  from  the  outside.  The  walls  consist  of  reinforced 
concrete. 

The  QED  for  this  type  of  magazine  can  be  calculated  according  to  the  formula: 
QED  -  K  ft  (m) , 


where 

0  «  amount  of  explosives  (kg) 
K  ■  30  for  groups  of  houses 
9  for  roads 
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Figure  2.  QED  according  to  III . 

Before  the  event  on  November  25,  1936,  the  munition  storage  at  Jama  contained 
an  amount  of  explosives  equivalent  to  a  little  more  than  15  tons  of  TNT. 

In  the  smaller  rooms  along  one  of  the  short  sides  of  the  building  blast  caps 
and  munition  with  very  low  Q-values  were  placed.  The  major  portion  of  the 
content  in  the  main  room  was  mines,  plastic  explosives  and  different  kinds 
of  artillery  shells. 

EFFECTS  OF  INTERNAL  EXPLOSIONS  IN  ABOVEGROUND  AMMUNITION  STORAGES 

When  a  detonation  takes  place  In  an  ammunition  storage  a  blast  wave  and  a  gas 
overpressure  are  generated.  Depending  on  the  kind  of  explosive  products  frag- 
mants  may  be  generated  as  well. 

Only  If  the  amounts  of  explosives  are  very  small  the  building  tan  sustain  the 
effects  without  serious  damages.  » 

The  most  elaborate  systematic  study  of  the  effects  of  Internal  explosions  In 
munition  storages  has  been  made  for  Amt  fur  Bautcn  In  Switzerland.  The  tests 
were  made  by  FortF  on  contract  and  the  subsequent  analysis  by  Basler  and  Hoff¬ 
man  (now  Basler  and  Partners)  In  Zurich.  The  tests  and  the  analysis  have  been 
documented  and  reported,  121. 
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In  these  tests  simple  concrete  models  were  used*  In  the  models  only  a  structu¬ 
re  with  heavy  reinforcement  could  withstand  an  Internal  explosion  equivalent 
to  a  loading  density  of  0.15  kg/m^  without  being  torn  Into  parts.  At  higher 
loading  densities  and/or  small  amounts  of  reinforcement  the  walls  and  roof 
were  broken  up.  Higher  loading  densities  caused  more  complete  disintegration 
of  the  structure. 

The  tests  also  showed  how  the  debris  from  the  walls  was  distributed  primarily 
perpendicular  to  the  original  wall  panes.  The  debris  distribution  in  principle 
from  the  tests  Is  Indicated  in  figure  3. 


Figure  3.  Debris  distribution  from  model  tests,  / 3/. 


THE  EVENT 

Just  before  10.30  am  on  Wednesday  November  26th,  1986,  the  depot  was  bi^wn  up. 
Nobody  was  Injured  but  the  explosion  was  heard  more  than  20  km  away.  , 


The  technical  Investigation  started  the  same  day  with  representatives  not  only 
from  the  Police  and  tne  Army  but  also  from  SAI  (National  Inspectorate  of 
Explosives),  FMV  (The  Defence  Material  Administration)  and  FortF.  In  an  early 
phase  it  was  obvious  that  the  storage  had  been  the  object  of  burglary  and  at  a 
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trial  In  tha  springtime  1987  a  couple  of  people  were  found  guilty  of  grand 
larcency  and  dangerous  devastation.  The  Involved  persons  have  not  been  entire¬ 
ly  cu-cperatlve  and  there  are  contradictions  In  the  Individual  statements. 
Therefor  the  cause  of  events  can  only  be  guessed. 

It  seems  as  tha  motorized  thieves,  after  having  appropriated  some  goods  -  e.g. 
hand-grenades,  plastic  explosives,  detonating  devices  -  decided  on  trying  to 
clear  away  clues  and  make  it  Impossible  at  least  to  find  out  the  extent  of  the 
larcency  fcy  detonating  munition  In  the  storage. 

According  to  ona  statement  three  persons  prepared  Ignition  at  three  different 
locations  In  the  large  room  with  use  of  some  HE-plastlcs,  a  cap  and  an  Igniti¬ 
on  cord.  Neither  the  locations  nor  tho  environments  of  the  booster  charges  are 
known.  Furthermore,  some  muddle  seems  to  have  arisen  when  they  tried  to  simul¬ 
taneously  light  the  cords,  but  at  least  one  of  the  ignitions  succeeded.  The 
burning  time  of  the  cords  has  been  estimated  to  five  minutes. 

At  the  Interesting  time  the  temperature  In  the  area  was  10-11°C,  It  was  partly 
clouded  with  84-86  %  humidity  and  the  wind  -  10-12  m/s  -  was  coming  from 
southwest.  Frees  more  detailed  meterologlcal  data  It  has  been  concluded  that 
there  was  no  Inversion  In  the  air  above  the  area. 


WITNESSES 

A  number  of  witnesses  has  been  questioned  about  the  explosive  effects.  There 
is  a  difficulty,  however,  to  get  reliable  data  from  such  Interviews  depending 
on  that  the  people  Interviewed  were  unprepared,  some  of  them  were  shocked  and 
most  of  them  were  very  unfamiliar  to  detonations. 

i 

The  questioning  of  the  witnesses  indicated  that  there  was  more  than  one  explo¬ 
sion.  It  can  not  tell,  tnough,  how  many  there  were  ana  which  of  them  was  tha 
bigger. 

Among  the  witnesses  can  be  mentioned  an  amateur  seismologist,  who  had  made 
registrations  during  the  event.  His  registrations  Indicated  four  disc-eta 
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detonations, three  minor  preceding  a  bigger  one.  The  time  delays  between  th« 
registrations  were  54,  10  and  8  seconds.  The  equipment  was  not  calibrated  to 
permit  an  analysis  of  the  size  of  the  detonations,  unfortunately. 


OBSERVATIONS  POST  EVENT 

At  the  very  first  approach  -  the  main  purpose  was  to  look  for  Injured  persons 
-  It  was  noticed  that 

*  Nothing  seemed  to  remain  of  the  building. 

*  There  was  only  one  crater. 

*  There  had  been  -  and  still  were  -  some  minor  fires  In  the  vicinity  (up  to 
100  m  away)  Ignited  -  as  It  seemed  -  by  star  shells. 

*  The  terrain  was  difficult  to  access  in  particular  because  of  broken  trees. 

*  There  were  lots  of  unexploded  ammunitions  in  the  area. 

Flgu-e  4  and  figure  5  show  the  site  after  the  event. 

The  ammunition  gave  problems.  Not  so  much  the  HE-fragmants  and  the  more  or 
less  Intact  mines  and  grenades  In-  and  outside  the  crater  but  the  fuzes.  Some 
of  these  time-fuzes  had  to  be  destroyed  on  site.  It  was,  however,  decided  to 
take  advantage  of  the  "accident"  and  collect  as  many  primary  data  as  possible 
from  this  "full  scale  test". 

It  was  also  agreed  that  every  object  taken  away  from  the  site  had  to  be 
rcglstrated  -  door  fragments  for  the  police  investigation  by  size  and  coordi¬ 
nates  and  unexploded  ammunition  by  type,  condition  and  place  In  a  15  x  15  m 
square-net.  In  practice,  however,  It  was  not  possible  to  come  up  to  that  stan¬ 
dard  regarding  the  ammunition.  Surprisingly,  many  antitank  mines  -  mainly  cast 

HE  in  a  plastic  casing  -  which  were  a  substantial  part  of  the  explosives'  had 

1 

not  detonated  but  were  found  intact,  smashed  or  partly  burnt. 

However,  the  number  of  burnt  casings  -  Indicating  deflagration  -  and  the 
amount  of  HE-fragments  could  not  be  accurately  estimated  during  the  investiga¬ 
tion,  Furthermore,  on  destroying  items  on  the  spot  many  of  the  explosions 
revealed  ammunition  or  a  resulting  crater  bigger  than  expected  indicating  that 


3 
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Figure  4.  The  site  post  event  seen  from  west 


more  had  detonated  than  the  fuzes  visible  In  the  first  place*  Thus,  no  archae¬ 
ological  digging  was  performed  and,  especially  In  the  crater,  many  Items  could 
not  be  Identified. 

The  season  reduced  the  time  available  for  collection  since  adequate  daylight 
was  limited  to  between  9  am  and  2  pm.  Five  days  after  the  event  a  temporary 
tiny  covering  of  snow  prevented  the  Investigation  for  one  day.  December  12th, 
finally,  the  site  had  to  be  left.  The  clearing  and  restoring  was  completed  In 
May  1937. 


The  Building 

As  could  be  expected  the  building  was  totally  disintegrated.  The  distribution 
of  debris  around  the  storage  could  not  be  examined  In  detail  due  to  the  large 
amounts  of  It  In  the  close  In  region,  the  hazards  Involved  and  the  terrain 
conditions  with  forests  and  moors.  In  certain  open  areas  where  the  fragments 
could  be  found  and  Identified  the  debris  density  was  estimated,  see  figure  6* 
With  very  few  fragments  the  debris  density  is  difficult  to  define. 


Figure  6.  Debris  density  vs.  distance. 
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The  sizes  of  the  fragments  varied  and  differed  between  the  examined  areas.  In 
the  northern  fields  -  at  approximately  600  m  distance  -  the  debris  were  the 
size  of  a  head  while  they  were  much  smaller  In  the  southeast  direction. 

Much  effort  was  put  Into  finding  the  most  remotely  travelling  debris.  A  5  kg 
piece  at  720  m  distance  was  the  one  found. 


Door  Fragments 

Fragments  of  the  doors  and  doorframes  are  shown  In  figure  7.  Since  there  were 
two  single  doors  In  the  western  gable  and  the  other  doors  -  one  single  and  two 
double  -  In  the  south  wall  fragments  are  of  course  mostly  found  In  the  western 
and  southern  directions.  In  most  cases  1c  Is  possible  to  do  a  puzzle  with  the 
fragments.  This  Is  Illustrated  in  figure  8  for  the  single  door  In  the  southern 
wall. 
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Figure  7.  Locations  where  fragments  from  doors  and  frames  were  found.  The 
numbers  refer  to  Items  Identified  In  figure  8. 
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Figure  8,  Some  parts  of  the  smaller  door  In  the  southern  wall.  The  locations 
•where  the  parts  ware  found  are  Identified  In  figure  7.  The  outslds 
5  m  steelsheet  was  found  double-folded.  Photo  from  /4/. 
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Figure  9.  Contour  of  the  ground  In  the  south  and  west  directions  where  most 
of  the  door  fragments  were  found 

The  Crater 

As  the  terrain  below  the  storage  before  the  event  was  far  from  flat,  cf. 
figure  9,  it  was  somewhat  difficult  to  Identify  and  measure  the  true  crater. 
Also,  the  measures  of  It  warled  from  one  direction  to  another.  There  was  no 
typical  embankment  surrounding  the  crater.  The  original  location  of  the  stora¬ 
ge  could  be  Identified  from  aerial  photos  taken  before  the  event.  In  some 
spots  the  level  of  the  approaching  drive  way  could  be  found. 

The  crater  dimensions  (m)  observed  are  given  In  the  table: 

Depth  2.1 

Width 

Maximum  20 

Minimum  14 

Average  17 

/ 

The  shape  and  some  crater  profiles  can  be  Identified  from  figures  10  and  11. 
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Flgure  10.  The  apparent  crater  with  some  ground  level  values  relative  to  an 
arbitrarily  chosen  origin  (0.0).  F  Indicates  some  parts  of  the 
remaining  concrete  floor  and  the  directions  c',  c",  s  and  w  are 
referred  to  In  figure  11. 


—  road  or  floor 

—  orator 

Figure  11.  Crater  sections,  c',  c'*,  s  and  w  refer  to  figure  10. 


Damages  to  the  Forest 


The  forest  In  the  neighborhood  was  irregular  both  with  respect  to  density  and 
age  with  bare  areas  at  the  east,  buckwooa  to  the  northwest  and  grown-up  pine- 
trees  In  the  southwest.  Close  to  the  depot  the  existing  wood  was  destroyed 
with  all  trees  cut  down  and/or  overthrown.  The  borders  of  this  area  were  easi¬ 
ly  defined  except  of  course  In  the  east  direction  were  there  were  no  trees, 
see  figure  12.  Naturally,  many  Tone  trees  were  damaged  far  outside  these  bord¬ 
ers.  Figure  1?  shows  one  of  the  more  spectacular  hits. 
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Figure  12.  The  borders  between  damaged  and  undamaged  forest. 
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Figure  13.  A  0.2  m  diameter  pine  tree  hit  i.S  m  aoove  the  ground  290  m  west  of 
the  depot  by  one  of  the  steel  fragments  (weight  7.4kg)  from  a  door 
frame. 


Damages  to  the  vicinity 

More  than  100  claims  for  damages  have  been  registered,  most  of  them  from  peop¬ 
le  in  houses  to  the  south  and  east  of  the  storage.  This,  basically,  reflects 
the  fact  that  most  buildings  were  In  these  directions. 


In  soma  cases  the  connection  between  the  explosions  and  the  reported  damages 
is  obvious  in  other  cases  not. 
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COMPARISONS  WITH  EXPECTATIONS 

It  Is  of  particular  Interest  to  compare  the  observations  made  with  calculat¬ 
ions  using  different  models.  One  problem  with  such  a  comparison  Is  that  the 
net  amount  of  explosives  participating  is  not  known  in  detail.  First  of  all 
the  original  amount  of  explosives  In  the  storage  was  reduced  as  the  burglars 
took  some  ammunition  away  before  the  event.  Secondly,  all  of  the  munition  did 
not  participate  due  to  the  fact  of  improper  initiation  -  a  factor,  though, 
which  should  be  given  adequate  consideration  for  risk  and  damage  calculations 
at  this  kind  of  events. 


The  Building 

Obviously,  the  loading  density  was  higher  than  what  was  needed  to  disintegrate 
the  building.  Only  a  part  of  the  floor  was  with  less  than  major  damages. 

In  Switzerland  Basler  4  Partners  has  developed  a  computer  code  tu  calculate  the 
fragmentation  of  a  building  with  an  Internal  explosion  and  the  distribution  of 
these  fragments.  The  physical  model  Is  based  among  other  on  results  In  III. 

The  program,  WATCMA,  Is  described  In  /5/.  The  program  has  been  modified  by 
Carl  Elfvlng,  161,  to  give  additional  data. 


As  examples  the  calculated  number  of  debris  from  one  of  the  walls  and  the  dis¬ 
tance  travelled  from  the  depot  are  shown  in  figure  14.  Obviously,  the  major 
parts  of  the  debris  remain  In  the  vicinity  of  the  magazine.  The  calculation 
has  beet.  repeated  with  different  amounts  of  explosives  In  the  storage.  Also 
calculations  have  been  made  considering  the  terrain,  the  elevation  of  the 
magazine  ,s  well  as  the  forest  and  combi  nations.  A  comparison,  of.  figure  15 
for  5  and  8  tons  of  explosives  at  200  m  distance  clearly  shows  the  terrain  and 
other  obstacles  around  the  magazine  to  be  effective  in  catching  debris.' 


At  further  distances  very  few  debris  can  be  expected  according  to  these  calcu¬ 
lations.  After  the  event  also  very  few  remote  pieces  were  found.  The  fragments 
localized  are  not  numerous  enough  to  permit  a  more  detailed  comparison  a.g.  to 
make  an  estimation  of  the  yield  of  the  explosion. 
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Figure  15.  Number  of  debris  of  different  sizes  and 
with  different  obstacles.  From  /6/. 
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The  Crater 


From  the  location  of  the  crater,  cf.  figure  10,  with  Its  maximum  depth  near 
one  of  the  short  walls,  It  Is  obvious  that  all  of  the  explosives  did  not  deto¬ 
nate  simultaneously,  Probably,  the  sloping  terrain  has  facilitated  the  creati¬ 
on  of  the  crater  In  the  south  and  west  directions,  the  shape  of  the  crater  can 
be  explained  to  one  part  by  the  sloping  terrain  but  also  to  the  distribution 
of  the  ammunition  in  the  storage  and/or  by  multiple  detonations. 

The  size  of  a  crater  can  be  calculated  according  to  /7/.  The  diameter  and 
depth  versus  charge  weight  is  shown  in  figure  16  and  17  respectively.  The  upper 
Unas  give  upper  bounds  (95  %  fractlle)  and  the  lower  lines  the  average  values 
to  be  expected.  (Of  course  the  crater  size  varies  with  soil  conditions,  the 
shape  and  the  position  of  the  charge  at  detonation  etc). 

The  crater  dimensions  given  above  can  be  used  for  calculating  Q-values  accord¬ 
ing  to  the  table: 


Measures  (m) 

Q  (t) 

H-2.1 

2.5 

0-20 

45.6 

0-14 

5.4 

0-17 

9.6 

As  can  be  concluded  from  this  table  a  difference  exists  In  the  charge  weight 
as  calculated  from  II  and  D.  If  separate  charges  had  detonated  It  would  give 
this  result  -  an  Increase  In  diameter  but  less  so  for  the  maximum  depth.  This 
Indicates  that  the  biggest  of  the  detonations  was  at  least  2.5  tons  and  less 
than  5  tons.  This  conclusion  Is  supported  by  the  amount  of  remains  found -bost 
event.  The  explosives  participating  In  the  other  detonat  ins  noted  would’ total 
a  smaller  amount. 
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Figure  16.  Crater  diameter  vs  yield.  From  111 . 


Figure  17.  Crater  depth  vs  yield.  From  111. 


WS^*>WWWM«'^l-'W,  "■'  MWTW*^  I 


*„■******.*■  v>«iMNHir«ir. 


Damages  to  the  vicinity 

A  commonly  used  expression  to  calculate  the  pressure  (Pa)  from  yield  (kg)  and 
distance  (m)  Is 

p  -  k» 70000  fa/R, 

where  k  Is  depending  on  focusing  effects.  With  k  ■  2.5  in  the  direction  of  the 
wind  at  the  site  and  with  k  *  1.0  where  no  wind  existed  the  distance  corre¬ 
sponding  to  p  -  250  Pa  and  p  •  1000  Pa  can  be  calculated: 

k  0  (t)  P  (Pa)  R  (km) 


2.5 


1.0 


2.5 

250 

9.5 

1000 

2.4 

5.4 

250 

12.3 

1000 

3.1 

2.5 

1000 

0.9 

5.4 

1000 

1.2 

The  range  250-1000  Pa  is  where  windows  might  begin  to  break.  The  calculations 
show  that  some  damages  to  windows  can  be  expected  about  1  km  from  the  site 
with  no  wind  and  about  three  times  further  away  in  the  windward  direction. 
Most  of  the  claims  for  where  from  owners  to  houses  within  or  about  this 
distance.  However  claims  were  made  also  from  the  owner  of  a  building  24  km 
away! 


CONCLUSIONS 


Though  many  efforts  have  been  put  Into  the  collection  of  data  the  conditions 
at  the  site  do  not  oermit  extremely  sophisticated  conclusions.  The  uncertainty 
about  how  the  detonation  took  place  also  adds  uncertainty  to  the  calculations. 
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legardlng  this,  hcwever,  the  observations  post  event  showed  reasonable  agree¬ 
ment  with  expectations  based  on  calculations. 

The  outcome  of  the  event  supports  the  risk  assessments  on  which  the  Swedish 
•agulatlons  are  based. 
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ANALYSIS  OF  THE  DEBRIS  PRODUCED  BY 
A  PROCESSING  BUILDING  ACCIDENT 


by 

Michael  M.  Swisdak,  Jr. 

Naval  Surface  Warfare  Center 
10901  New  Hampshire  Avenue 
Silver  Spring,  Maryland  20903-5000 


ABSTRACT 

In  1986,  there  was  an  explosives  mishap  (accident)  at  an  explosives  processing  building 
owned  by  the  United  States  Air  Force.  As  part  of  the  investigation,  as  much  of  the 
fragments/dsbris  which  could  be  located  were  found  and  cataloged.  This  catalog  included 
item  descriptions  and  locations  within  an  arbitrarily  imposed  grid  system.  Also  provided  as 
part  of  tha  investigation  were  maps  showing  the  location  of  each  fragment  or  piece  of 
debris.  This  information  was  used  to  calculate  the  range  at  which  the  hazardous  fragment 
density  reached  a  value  of  1  per  600  ft2  for  various  azimuth  angles  around  the  building 
location.  The  data  presented  can  be  used  to  help  evaluate  the  effects  of  terrain  and 
barricades  on  the  ranges  areal  densities  produced  by  fragments/debris  from  explosive 
incidents. 


BACKGROUND 

In  1986,  there  was  an  explosives  mishap  (accident)  at  an  explosive  processing 
facility  owned  by  the  United  States  Air  Force.  As  part  of  the  investigation,  approximately 
4926  fragments  or  pieces  of  debris  were  located  and  cataloged.  This  information  was 
included  as  part  of  the  package  provided  to  the  Department  of  Defense  Explosives  Safety 
Board  (DDESB). 

The  facility  was  of  reinforced  concrete  construction.  The  north  wall  was  36‘  thick 
while  the  south.wallwac-tS’  thick,  -Phe-easHvaif-was-  24-*-  thick  and  was  backed  by  earth; 
the  west  wall  was  12’  thick  and  was  constructed  of  cinder  block.  The  terrain  at  the  facility 
rose  sharply  to  the  East  and  Southeast.  The  facility  was  cut  back  wo  the  hillside  with  a 
barricade  located  directly  to  the  North.  The  main  section  of  the  building  (where  the 
accident  occurred)  was  approximately  40  feet  long,  14  feet  high,  and  36  feet  wide.  The 
remainder  of  the  building,  including  the  truck  well  loading  area,  was  constructed  from 
metal  beams  with  corrugated  metal  siding.  A  sketch  of  the  important  part  of  the  building  is 
shown  in  Figure  1 .  Post-accident  investigations  estimated  the  explosive  yield  of  the  event 
to  be  equivalent  to  the  detonation  of  4200  pounds  of  TNT. 
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DATA  DESCRIPTION 


A  copy  of  both  the  debris  catalog  and  the  debris  location  maps  were  provided  to  the 
Naval  Surface  Warfare  Center  (NSWC).  These  Included  an  item  number,  Item  description, 
the  approximate  weight  of  the  Item,  and  the  map  grid  location  of  each  item's  final  resting 
place.  The  area  around  the  accident  site  was  divided  Into  a  series  of  blocks.  Each  block 
was  divided  Into  a  series  of  ICO  ft  x  100  ft  grids  (each  100  x  100  grid  wilt,  hereafter,  be 
referred  to  as  a  cell)  and  the  location  of  each  piece  mapped  into  these  cells. 

GENERAL  ANALYSIS 

An  analysis  of  the  debris/fragment  information  desorbed  above  was  begun  by  Dr. 
Jerry  Ward  of  the  DDES8.  At  his  request  NSWC  has  ccmpietod  thi3  analysis. 

Trajectory  calculations  were  performed  on  representative  samples  of  the  items 
contained  in  the  debris  catalog.  The  results  of  these  calculations  Indicated  that  ail  Items  in 
the  catalog  (each  piece  of  recovered  debris)  must  be  considered  hazardous  (l.e.,  their 
impact  energies  were  >  58  foot-pounds). 

DOD  Standard  6055.91  requires  an  Explosives  Safety  Quantity-Distance  (cSQDl 
arc  of  1250  feet  (as  a  default  minimum  distance)  around  buildings  such  as  this  facility  with 
sited  net  explosives  weights  less  than  30,000  pounds.  There  were  3*3  fragments  which 
went  beyond  1250  feet.  Table  1  (prepared  by  Dr.  Ward  at  the  DDES3)  summarizes  the 
weights  and  final  impact  ranges  for  these  fragments.  Because  the  hazard  range  Is  stated 
as  1250  feet  does  not  mean  that  there  are  no  hazardous  fragments  beyond  this  range; 
rather,  it  means  that  the  density  of  hazardous  fragments  will  be  below  a  valus  of  1  per  600 
ft2  at  that  range. 

As  indicated  above,  detailed  maps  showing  the  location  of  each  fragment  within 
each  cell  were  provided.  As  part  of  the  analysis  procedure,  the  total  number  of  fragments 
within  each  cell  was  determined;  if  a  fragment  were  shown  as  being  exactly  on  the 
dividing  line  between  two  cells,  the  fragment  was  divided  and  half  assigned  to  each  cell. 
Those  total  fragment  numbers  are  shown  In  Tab's  2  for  each  cell. 

Questions  that  should  be  addressed  by  this  data  include: 

(1)  Where  (at  what  range)  does  the  hazardous  fragment  density  fall  below  1 
per  600  ft2? 

(2)  How  does  this  range  vary  with  azimuth  around  the  building? 

(3)  How  is  this  range  Influenced  by  terrain,  barricades,  building  construction 
details,  or  other  possible  mitigating  factors? 
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ANALYSIS  PROCEDURE 


It  was  decided  that  the  range  at  which  the  fragment  density  fell  below  1  per  600  ft2 
would  be  computed  at  15°  intervals  around  the  building  (0°,  15°,  30°,  458,  etc).  The 
coordinate  system  was  chosen  such  that  0°  was  at  the  top  of  the  grid  system  described 
above.  This  corresponds  to  a  direction  of  due  East,  it  was  further  decided  to  consider  100 
ft  x  100  ft  sections  along  each  azimuth.  These  sections  would  be  100  feet  long  and  have  a 
width  of  50  feat  on  either  side  of  the  azimuth  center  line.  The  fragment  density  calculations 
were  started  in  the  cells  located  200  feet  from  the  explosion  source.  The  explosion  source 
was  defined  as  a  four  cell  area  and  is  shown  as  a  darkened  area  near  the  center  of  Table 
2. 


The  procedure  basically  involved  mapping  the  rectangular  recovery  grid  into  polar 
coordinates.  Once  the  data  were  mapped  into  polar  coordinates,  the  number  of 
hazardous  fragments  in  each  cell  was  computed.  In  addition,  the  number  of  hazardous 
fragments  that  would  be  allowed  in  each  cell  and  still  not  exceed  the  fragment  density  of  1 
per  600  ft2  was  also  computed.  Finally,  the  ratio  of  these  two  quantities  was  determined  for 
each  cell.  To  meet  DOD  Standards,  this  ratio  must  be  £l  .00. 

A  smoothing  procedure  developed  during  the  analysis  of  the  debris  produced  by 
explosions  Inside  hardened  aircraft  shelters  (Operation  DISTANT  RUNNER)2  was  then 
applied  to  these  data.  This  procedure  utilizes  two  new  variables  which  are  defined  below: 

k  * 

N  -(No/Na),  -2  (Nc),  /  S  (Na), 
i-l  M 


and 


R 


where 


N 

R 


(Nc). 

(Na). 


B. 


k 

2>,/(k-j+1) 

1-1 


Normalized  (smoothed)  Fragment  Density  Ratio 
Normalized  Range  (feet) 

Number  of  hazardous  debris  in  zone  I 

The  acceptable  number  of  hazardous  debris  that  corresponds  to  an 

areal  density  of  1  per  600  ft2  for  zone  i 

The  distance  from  the  explosion  center  to  the  mid-point  of  zone  i 


i 
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i  ■  Index  for  full-scale  zone;  varies  from  1  to  k  (oute.  most  zone) 

j  ■  Specific  zone  Index  between  i«1  to  i*k 

These  smoothed  data  are  presented  in  Table  3  for  each  azimuth  angle  In  the  form  of  N  vs 
R  for  each  normalized  range  increment. 

As  indicated  above,  what  is  needed  is  the  range  at  which  the  fragment  density  ratio 
becomes  <;  1.00.  Again,  the  same  proceduro  that  was  developed  during  the  analysis  of 
the  Operation  DISTANT  RUNNER  data  was  applied  to  the  material  in  Table  3.  This 
procedure  involves  fitting  an  equation  of  the  form: 

N*A  e®* 

where  N  is  the  fragment  density  ratio,  R  is  the  normalized  range,  and  A  and  B  are  fitting 
constants.  The  values  of  the  fitting  constants  are  given  in  Table  4  for  each  azimuth 
direction.  Also  included  on  this  table  is  a  measure  of  the  goodness  cf  fit  for  each  angle  (a 
perfect  correlation  would  have  an  r*2  value  of  1 .000).  The  fitted  curves  were  then  used  to 
calculate  the  range  at  which  the  fragment  density  ratio  becomes  1.00.  Further  statistical 
analyses  of  this  Information  provide  a  95%  confidence  interval  for  this  range.  Thus,  for 
each  azimuth  angle,  there  is  a  calculated  hazard  range.  Associated  with  that  range  is  an 
upper  and  lower  bound  (corresponding  to  the  95%  confidence  interval).  These  values  are 
presented  In  Table  5. 

RESULTS  AND  INTERPRETATION 

Figure  2  presents  a  plot  of  the  N«1  fragment  density  ratio  as  a  function  of  range 
around  the  facility.  Figure  3  presents  the  95%  confidence  Interval  for  the  hazard  range. 
Superimposed  on  both  of  these  plots  are  circles  whose  radii  are  1250  feet--the  ESQD  arc 
required  by  the  current  DOD  standards. 

Figures  2  and  3  and  the  equations  for  the  fragment  donsity  as  a  function  cf  range 
and  azimuth  (Table  4)  provide  the  information  needed  to  answer  the  questions  raised 
above.  The  average  hazardous  fragment  range  (averaging  over  all  azimuth  angles)  was 
1123  ±105  feet.  The  actual  variation  with  azimuth  angle  is  readily  seen  In  both  Figures  2 
and  3. 

There  was  an  area  of  essentially  flat  terrain  at  the  site.  It  extended  between  the 
azimuth  angles  of  135“  and  195*.  In  this  area,  the  hazard  range  was  1289  feet.  The 
greatest  hazard  range  was  determined  to  be  1349  feet  (8%  greater  than  the  1250  foot 
standard).  The  terrain  rose  sharply  In  a  direction  generally  toward  the  East.  Specifically, 
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the  upsloping  area  was  assumed  to  lie  between  the  azimuths  of  345°  and  45°  (remember, 
East  is  defined  as  G*).  In  this  general  direction,  the  average  hazard  range  was  1 1CO  feet. 
The  barricade  covered  an  azimuth  extending  from  225°  to  285°.  In  this  region,  the 
average  hazard  range  was  1073  feet  These  effects  are  compared  in  Figure  4. 

The  effect  of  the  barricade  was  to  reduce  the  average  hazard  range  by  16.6%  when 
compared  to  the  "fiat  terrain"  range.  The  upsloping  terrain  had  the  effect  of  reducing  the 
average  hazard  range  by  14.5%. 

In  general,  the  1250-foot  hazard  range,  as  prescribed  in  DOD-Standard  6055.9, 
was  found  to  be  a  good  (if  slightly  conservative)  estimate  of  the  true  hazard  range. 
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TABLE  1.  FRAGMENT  SUMMARY 


TABLE  2.  NUMBER  OF  FRAGMENTS  RECOVERED  PER  CELL 


NOTE:  EACH  CEIL  REPRESENTS  AN 
AREA  OF  iGG  FT  X  ICO  FT 


TABLE  4.  LEAST  SQUARES  FITTING  COEFFICIENTS 


AZIMUTH 

A  Coefficient 

B  Coefficient 

r*2 

ANGLE 

n 

0 

4771.7 

-0.0078 

0.894 

15 

13327.3 

-0.0096 

0.974 

30 

7485.3 

-0.0080 

0.794 

45 

414.4 

-0.0050 

0.930 

60 

5417.2 

-0.0073 

0.875 

75 

12585.8 

-0.0085 

0.930 

90 

25302348.0 

-0.0175 

0.901 

105 

9884778.0 

-0.0160 

0.952 

120 

19378.7 

-0.0096 

0  954 

135 

991.9 

-0.0053 

0.956 

150 

25507.7 

-0.0079 

0.S81 

165 

115480.8 

-0.0087 

0.891 

180 

231239.8 

-0.0092 

0.S14 

195 

40394388.0 

-0.0150 

0.895 

210 

8799436.0 

-0.0148 

0.848 

225 

14209.9 

-0.0089 

0.954 

240 

6659.0 

-0.0083 

0.967 

255 

26396S2.0 

-0.0141 

0.976 

270 

16055596.0 

-0.0154 

0.941 

285 

1658913.5 

-0.0131 

0.974 

300 

362131.5 

-0.0114 

0.838 

315 

1085.1 

-0.0064 

0.961 

330 

15545.6 

-0.0092 

0.929 

345 

26304.3 

-0.0094 

0.959 

Bx 

NOTES:  (1)  Fit  is  of  the  form  Y=Ae 


(2)  rA2  is  a  measure  of  the  goodness  of  fit 
(rA2  =  1 .000  is  perfect  correlation) 


5 


AZIMUTH 


ANGLE 


RANGE!  RANGE-Uopsr 


95%  confidence’] 


[feet 


IS 


RANGE-Lwwr 


5%  confidence 


1091 


994 


1120 


1212 


1173 


1112 


972 


1127 


1014 


1178 


1245 


1216 


1139 


1125 


1049 


971 


1061 


1187 


1135 


1084 


105 

1007 

1033 

120 

1032 

1056 

135 

mmm 

1314 

150 

1289 

1302 

165 

1343 

1409 

180 

1349  i 

1400 

1274 


1276 


1296 


1310 


195 

1168 

1212 

1131 

210 

1032 

1129 

1029 

225 

1079 

1100 

1058 

240 

1060 

1077 

1041 

255 

1047 

1062 

1029 

270 

1080 

1107 

1053 

285 

1094 

1110 

1078 

300 

1122 

1172 

1071 

315 

1098 

1119 

1075 

330 

1049 

1078 

1013 

345 

1083 

1106 

1057 

AVERAGE 

1123 

1160 

1083 

STD.  DEV. 

105 

107 

125 

1176 
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FIGURE  1  EXPLOSION  SITE  SCHEMATIC 
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FIGURE  2  FRAGMENT  HAZARD  RANGE  CONTOUR 


FIGURE  4  THE  EFFECTS  OF  BARRICADES  AND  TERRAIN  ON  DEBRIS  HAZARD  RANGE 
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TYPE  OF  TERRAIN  OR  BARRICADE 


Shako  Beoanraisanae  Axpiaitlcn  Program  (FRA?) 
Richard  W.  Mi 


Despite  all  of  our  efforts  and  successes  at  preventing  explosive 
accidents,  we  still  find  the  perfect  explosive  safety  program  illusive. 
Tragically,  sophisticated  and  well  established  procedures  fail  to  prohibit 
all  explosive  mishaps.  Given  that  the  unforeseen  will  continue  to  occur, 
we  Bust  strive  to  hone  our  response  procedures. 

With  these  thoughts  in  mind,  Z  have  endeavored  to  establish  a  program, 
that  utilizes  existing  COD  resources  to  provide  investigation  teams  with 
timely  aerial  photography  of  explosive  accident  sites. 

The  O.S.  Air  Force  provides  the  resources  with  its  tactical  recon¬ 
naissance  squadron  (TRS)  aircraft  of  the  active  and  national  guard 
forces.  Three  active  duty  and  five  national  guard  squadrons  of  RF-4C 
aircraft  provide  conus  coverage  of  potential  explosive  sites.  The  active 
duty  squadrons  are  the  91st  and  12th  TRSs  at  Bergstrom  AF3,  TX  and  the 
16th  TRS  at  Shaw  AFB,  SC.  The  national  guard  sites  are  the  192nd  TBS  in 
Reno,  Nevada,  173rd  TRS  in  Lincoln,  RE,  190th  TRS  in  Boise,  ID,  the  106th 
TRS  in  Birmingham,  AL,  and  the  153rd  TRS  in  Meridian,  MS. 

A  Memorandum  of  Understanding  (MOO)  between  the  Tactical  Recon¬ 
naissance  Operations  and  Programs  Division  and  the  OSAMC  Field  Safety 
Activity  (FSA)  formalizes  PRAP  operations  (See  Appendix  A).  -The  MOO  of 
March  1987  documents  Individual  service  responsibilities  for  the  FSA  PRAP 
under  the  authority  of  DOD  4000. 19-R  Defense  Regional  Interservice  Support 
(DRIS)  Regulation,  March  1984,  and  Air  Force  Regulation  95-8,  Requesting 
and  Reporting  Aerial  laagary,  dated  16  April  1962. 

FSA  desires  to  manage  e  system  to  obtain  aerial  photography  of  major 
accidents/incidents  through  a  single  source.  This  program  is  simple  to 
initiate  and  has  a  short  response  time.  Timely  aerial  photographs  are 
beneficial  to  accident  investigation  boards.  They  can  be  used  tos 

a.  Preserve  evidence. 

b.  Aid  in  the  estimated  quantity  of  explosive  material  involved. 

c.  Enhance  the  verification  of  AHC  quantity-distance  tables. 

d.  Identify  fragment  dispersion  pattern. 

e.  Locate  fragments. 

f.  Verify  storage  compatibility  charts. 

g.  Give  investigators  an  overview  <*{  the  accident/incident  site. 
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The  following  are  established  as  guidelines  for  the  conduct  of 
FRAP  operations  and  may  be  amended  informally  as  particular 
circumstances  dictate. 

a.  Office  of  responsibility  for  AMC  is:  USAMC  Field  Safety 
Activity*  AMXOS-SE,  Charlestown,  IN  47111-9669. 

b.  Office  of  responsibility  for  the  Air  Force  la:  HQTAC, 
Reconnaissance  Operations  and  Programs  Division,  DOF-DOPR, 

Langley  AFB,  VA  23665. 

c.  Requests  made  as  a  result  of  an  accident/incident  will  not 
normally  require  funding  by  the  requestor. 

d.  Photography  will  be  black  and  white. 

e.  FSA  will  receive  five  copies  of  9  inch  x  9  inch  prints,  and 
all  negatives  within  96  hours  of  their  request. 

In  May  1987,  FSA  and  the  Naval  Sea  Systems  Command  (NAVSEASYSCOM ) 
completed  an  KOU  for  PRAP  services  (See  Appendix  B).  The  FSA  is 
NAVSEASYSCOM ' s  point  of  contact  for  PRAP  services  in  the  event  of  an 
explosive  accident  on  a  Navy  installation. 

Since  its  inception,  FSA  utilized  the  PRAP  program  on  four 
occasions.  Our  first  initiation  followed  initial  program  placement 
and  tested  our  procedures  to  ensure  its  successful  accomplishment 
(See  Appendix  C).  The  second  occasion  supported  an  Department  of 
Army  exercise  conducted  by  the  Surety  Field  Activity  at  Savannah,  IL 
on  11  August  1937.  Accidents  at  the  Lone  Star  Army  Ammunition  Plant 
(10  October  1987)  and  Radford  Army  Ammunition  Plunt  (19  March  1988) 
were  the  first  real  tests  of  the  PRAP. 

Our  experiences  with  the  PRAP  have  demonstrated  it3  capabilities 
as  a  valuable  tool.  It  serves  as  an  excellent  example  of  Interservice 
cooperation  that  maximizes  scarce  resources  by  utilizing  existing  assets. 

For  mere  information  on  this  program,  please  contact  the  D.S.  Army 
Materiel  Command,  Field  Safety  Activity,  Charlestown,  IN  47111-9669. 
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APPENDIX  A 


DEPARTMENT  OF  THE  ARMY 

U.S.  ARMY  MATERIEL  COMMAND 
FIELD  SAFETY  ACTIVITY 
CHARLESTOWN.  INOIANA  471  11-8669 


ftePLT  TO 
ATTENTION  Or- 

MEMORANDUM  OF  UNDERSTANDING 
BETWEEN 

TAC,  RECONNAISSANCE  OPERATIONS  AND  PROGRAMS  DIVISION,  AND 
ARMY  MATERIEL  COMMAND  (AMC)  FIELD  SAFETY  ACTIVITY  (FSA) 

SUBJECT:  AMC  Photo  Reconnaissance  Program  ( PSP ) 


1.  Purpose.  This  Memorandum  of  Understanding  (MOU)  formalizes  the  responsi¬ 
bilities  and  procedures  for  execution  of  the  AMC  PR?. 

2.  Reference.  This  MOU  documents  individual  service  responsibilities  for  th* 
AMC  PRP  under  the  authority  of  DOO  4000. 19-R  Defense  Regional  Interservice 
Support  (ORIS)  Regulation,  Mar  84,  and  AFR  95-8,  Requesting  and  Reporting 
Aerial  Imagery,  dated  16  Apr  82. 

3.  Problem .  AMC  desires  to  establish  a  single  source  for  aerial  photography 
of  major  accidents/incidente.  This  program  must  ha  simple  to  initiate  and 
have  a  short  response  time.  Timely  aerial  photographs  are  beneficial  to 
accident  investigation  boards,  they  can  be  used  to< 

a.  Preserve  evidence. 

b.  Aid  in  the  estimate  of  explosive  material  quantity  involved. 

c.  Enhance  the  verification  of  AMC  quantity  -  distance  tables. 

d.  Identify  fragment  dispersion  pattern. 

e.  Locate  fragments. 

f.  Verify  storage  compatibility  charts. 

g.  Give  investigators  an  overview  of  the  accidsnt/incident  site. 

4.  Scope  of  responsibilities,  procedures,  and  limitations.  The  following  are 
established  as  guidelines  for  the  conduct  of  PRP  operations.  They  may  b« 
amended  informally  as  particular  circumstances  dictate. 

a.  Office  of  responsibility  for  AMC  isi  USAMC  Field  Safety  Activity, 
AMXOS-SE,  Charlestown,  IN  47111-9S69,  AUTOVON  366-7825. 

b.  Office  of  responsibility  for  TAC  is:  HQ  TAC,  Reconnaissance  Operations 
and  Programs  Division,  DOF-DOFR,  Langley  AFB,  VA  23665,  AUTOVON  574-3527. 
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SUBJECT:  AMC  Photo  Reconnaissance  Program  (PRP) 

c.  Requests  made  as  a  result  of  an  accident/incident  will  not  nonaally 
require  funding  by  the  requestor. 

d.  Requests  will  be  made  by  AMC  FSA  via  telephone,  and  followed  up  by  a 
message  from  FSA  within  48  hours. 

(1)  Telephone :  HQ- TAC,  DOF-DOFR 

During  duty  hours  -  AUTGVON  574-3527 

During  non-duty  hours  -  AUTOVON  574-7771  (ask  for  DOF 

duty  officer) 

(2)  Message:  TO:  HQ  TAC,  LANGLEY  AFB,  VA  //DOF/bOFR// 

INFO:  9  AF,  SHAW  AFB,  SC  //DO// 

12  AF,  BERGSTROM  AFB,  TX  //DO// 

Installation  Safety  Office 

e.  Photography  will  be  normally  black  and  white.  High  cost  and  limited 
availability  preclude  color  film  in  most  cases. 

f.  When  requesting  photographic  support  AMC  FSA  will  provide: 

1.  Location  of  site  to  include,  a.  Name  and  location  of  installs  .ion 
and  b.  Longitude  and  latitude  of  point(s)  to  be  photographed  or  points  defining 
area  to  bo  photographed. 

2.  Desired  scale  of  vertical  pinpoint  photograph  if  known.  Specify 
■best  possible"  if  unknown. 

3.  Name  and  autovon  phone  number  of  installation  POC  to  answer  specific 
questions. 

g.  Type  of  photographic  coverage  available. 

(1)  Vertical  pinpoint. 

(2)  Forward  oblique. 

(3)  Side  obiique. 

(4)  Infrared  imagery. 

h.  HQ  TAC  will  issue  a  priority  tasking  within  24  hours  of  FONSCON  to 
accomplish  paragraph  4d  request. 

i.  Five  copies  of  9"  X  9"  prints  will  ba  delivered  to  AMC  Field  Safety 
Activity  within  96  hours  of  phone  request.  All  negatives  will  also  be  forwarded. 


SUBJECT*  MIC  Photo  Raconnaiaetnca  Pxogr«n  (PRP) 


OPJDOsf  F .  BI  ^I^GTCN ,  CoI7~S?SAF 
KC  TAC/EOF 

Langley  AFB,  VA  23665-5001 


USAMC  Field  Safety  Activity 
Charlestown,  IN  47111-9669 

lrina.cn  l?M&? 
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DEPARTMENT  OF  THE  NAVY 

NAVAL  SEA  SYSTEMS  COMMAND 
WASHINGTON.  OC  30332-3101 


OPR:  6522 
Ser  06/375 
13  May  87 


Memorandum  of  Understanding  between 
Naval  Sea  Systems  Command  ( CCMNAVSEASYSCOM)  and 
Army  Material  Command  (AMC)  Field  Safety  Activity  (FSA) 

Subject:  PHOTO  RECONNAISSANCE  ACQUISITION  PROGRAM  (PRAP) 


1.  Purpose.  This  Memorandum  of  Understanding  (MOU) ‘formalizes 
the  responsibilities  and  procedures  for  execution  of  the 
COMNAVS EASYSCGM / AMC  PRAP. 

2.  Reference.  This  MOU  documents  individual  service 
responsibilities  for  the  COMWAVSEASYSCOM/AMC  PRAP  under  the 
authority  of  DOD  4000. 19-R  Defense  Regional  Interservice  Support 
(DRIS)  Regulation,  Mar  84. 

3.  Problem.  AMC  agrees  to  act  as  a  source  for  aerial  photography 
of  major  accidents/incidents  vlthin  the  Navy.  This  program  is 
simple  to  initiate  and  has  a  short  response  time.  Timely  aerial 
photographs  are  beneficial  to  accident  investigation  boards;  they 
can  be  used  to: 

a.  Preserve  evidence. 

b.  Aid  in  the  estimate  of  explosive  material  quantity 
involved. 

c.  Enhance  the  verification  of  quantity-distance  tables. 

d.  Identify  fragment  dispersion  pattern. 

e.  Locate  fragments. 

f.  Verify  storage  compatibility  charts. 

g.  Give  investigators  an  overview  of  the  accident/incident 
site. 
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SUBJECT:  PHOTO  RECONNAISSANCE  ACQUISITION  PROGRAM  (PRAP) 

4.  Scope  of  Responsibilities,  Procedures,  and  Limitations.  The 
following  are  established  as  guidelines  for  the  conduct  of  PRAP 
operations.  They  may  be  amended  informally  as  particular 
circumstances  dictate. 

a.  Office  of  responsibility  for  AMC  is:  AMC  Field  Safety 
Activity,  AMXCS-SE,  Charlestown,  IN  47111-9669,  Autovon  366-7825. 

b.  Office  of  responsibility  for  Navy  is:  Naval  Sea  Systems 
Command,  SEA  652,  Washington  DC  20362,  Autovon  222-2080. 

c.  Reguests  made  as  a  result  of  an  accident/ incident  will  not 
require  funding  by  the  requestor. 

d.  COMNAVSEASYSCOM  should  make  initial  request  to  FSA  via 
telephone . 

e.  FSA  will  coordinate  the  accomplishment  of  requests  in 
accordance  with  Air  Force  (TACJ/Army  (AMC)  agreements  presently  in 
effect. 

f.  Photography  will  be  black  and  white.  High  cost  and 
limited  availability  preclude  color  film  in  most  cases. 

g.  When  requesting  photographic  support,  COMNAVSEASYSCOM  will 
provide : 

(1)  Location  of  site  to  include:  Name  and  location  of 
installation;  longitude  and  latitude  of  photographic  point(s),  or 
points  defining  photographic  area. 

(2)  Desired  scale  of  vertical  pinpoint  photograph  if 
known.  Specify  "best  possible"  if  unknown. 

h.  Type  of  photographic  coverage  available: 

(1)  Vertical  pinpoint. 

(2)  Forward  oblique. 

( 3 )  Side  oblique . 

(4)  Infrared  imagery. 

i.  COMNAVSEASYSCOM  will  issue  a  follow-up  priority  message 
tasking  the  request  (paragraph  4g)  within  24  hours  of  PHONCCN  to 
DIRAMC  FSA  CHARLESTOWN  IN  //AMXOS-SE// . 
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SHOCK  SENSITIVITY  TESTS,  INSENSITIVE  MONITIONS, 

AND  UNDERWATER  EXPLOSIVES 

Richard  R.  Bernecker 
Naval  Surface  Warfare  Center 
10901  New  Hampshire  Ave. 

Sliver  Spring,  Md.  20903-5000 

ABSTRACT 

The  shock  loading  characteristics  of  gap  tests  used  In  DoD  funded 
research  are  reviewed  and  discussed  In  terms  of  corresponding  data  from  recent 
numerical  simulations  of  the  detonation  of  various  donor  configurations  in  a 
water  environment.  These  numerical  computations  of  shock  attenuation  in  water 
surrrounds  have  been  compared  to  recent  pressure-distance  experimental  data 
for  several  donors  and  found  to  be  in  good  agreement.  The  importance  of  donor 
diameter  and  height  on  the  peak  pressure-distance  relationships,  shock 
duration,  and  the  pressure  gradient  behind  the  shock  wave  has  also  been 
discussed.  These  parameters  are  used  to  recommend  a  configuration  of  an  TM 
"small  scale"  gap  test  .'or  insensitive  energetic  materials  as  well  as  all 
underwater  explosives. 

INTRODUCTION 

In  recent  years  the  Department  of  Defense  has  placed  great  emphasis  on 
tha  deployment  and  utilization  of  Insensitive  munitions.  While  the  main  areas 
of  concern  are  fast  cookoff,  bullet  Impact,  and  sympathetic  detonation,  the 
shock  sensitivity  of  the  energetic  materlal(s)  in  the  munition  is  of 
fundamental  importance.  For  example,  In  order  to  conduct  a  numerical 
simulation  of  the  munition  In  a  hazard  scenario  where  an  explosion  or 
detonation  may  fce  the  ultimata  event,  it  is  necessary  to  have  some 
quantitative  measure  of  the  shock  reactivity  of  the  material.  In  our  recent 
studies,  we  have  been  attempting  to  conduct  experiments  of  the  shoek-to- 
detor.ation  transition  (of  explosives  and  propellants)  from  which  a 
quantitative  description  of  shock  reactivity  can  be  ascertained.  *  However, 
as  we  work  with  more  insensitive  explosives  (*hich  normally  have  large 
critical  diameters),  it  is  necessary  to  consider  the  applicability  of  the 
experimental  arrangement  to  the  desired  outcome.  The  same  is  also  true  for 
the  insensitive  munitions  community  and  It  is  evident  that  that  community  is 
addressing  the  importance  of  critical  diameter  In  consideration  of  shock 
reactivity  and  sensitivity.  However,  it  is  not  evident  that  all 
reaearchers/program  managers  are  considering  another  important  factor  in  shock 
sensitivity  experiments  -  namely,  shock  duration.  Thv3,  we  would  like  to 
discuss  the  interplay  of  shock  pressure,  shock  duration,  and  critical  diameter 
in  3hock  Initiation  studies,  particularly  as  they  pertain  to  the  various 
current  experimental  shock  sensitivity  tests,  used  in  DoD  funded  research,  and 
the  interpretation  of  data  from  these  tests. 


Approved  for  public  release;  distribution  unlimited. 
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SHOCK  SENSITIVITY  EXPERIMENTAL  ARRANGEMENTS 


Until  the  end  of  the  1970s,  the  principal  experiments  used  to  measure 
shock  reactivity  and  shock  sensitivity  of  booster  and  warhead  explosives,  as 
well  as  prppellants,  were  the  NOL  large  scale  gap  test3  (LSGT)  and  the  LANL 
wedge  test4.  The  former  defines  only  the  shock  sensitivity  of  a  material 
while  the  latter  defines  not  only  shock  reactivity  (since  it  measures  distance 
to  detonation  as  a  function  of  pressure)  but  defines  shock  sensitivity  if  one 
fixes  the  distance  to  detonation  and  selects  the  corresponding  pressure. 

LANL  WEDGE  TEST 

The  wedge  test^,  as  implemented  by  Los  Alamos  National  Laboratory^’**,  is 
a  very  versatile  and  highly  useful  experimental  arrangement.  The  run  distance 
to  detonation  is  determined  from  the  digitization  of  a  streak  camera  trace 
(record)  of  the  top  surface  of  the  wedge.  In  addition  to  measuring  the  run 
distance  to  detonation  (x*) ,  it  also  yields  "inert"  Hugoniot  data.  The  driver 
(donor)  system  is  basically  composed  of  a  plane  wave  lens  and  explosive  pad, 
followed  by  various  layers  of  attenuating  materials  (metals  and  plastics). 
These  driver  systems  (there  are  a  variety4)  provide  different  pres3ure-time 
loading  conditions,  all  of  which  have  been  experimentally  calibrated.  For 
these  systems,  the  pressure-time  (p  -  t)  gradient  behind  the  initial  shock 
front  was  considered  to  be  sufficiently  close  to  zero  that  one-dimensional 
computer  models,  used  for  its  description  and  simulation,  would  be  quite 
applicable  for  the  typical  distance  to  detonation  (<  25  mm).  However,  recent 
studies  have  been  directed  toward  more  exact  descriptions  of  the  p-t  loading 
history.7  For  the  Comp  b  driver  system,  it  is  currently  estimated  that  the 
gradient  behind  the  shock,  for  a  high  density  cast  energetic  material  (EM) ,  is 
1.8  GPa/ps  and  is  0.55  GPa/jj?  for  the  Baratol  system  with  the  same  acceptor. 
Thus,  in  five  microsec  (close  to  the  maximum  shock  duration  for  x*  of  20  mm) 
the  pressure  drops  very  significantly  during  the  buildup  process.  The  effect 
of  these  gradients  on  numerical  modeling  of  shock  reactivity  in  wedge  tests  is 
uncertain  at  present. 

NOL  LARGE  SCALE  GAP  TEST 


The  LSGT  has  been  used  extensively  in  research  and  industrial 
applications  of  shock  sensitivity  of  energetic  materials.  There  are  a  variety 
of  other  gap  tests  (e.g.,  the  LANL  large  scale  gap  test8)  but  the  LSGT  is  the 
only  one  which  has  been  experimentally  calibrated  to  yield  a  pressure-gap 
length  relationship.  This  feature,  its  extensive  experimental  data  base3  and 
its  required  usage  in  some  explosive  hazard  classification  procedures^ 
undoubtedly  are  responsible  for  its  wide  usage.  Like  all  gap  tests,  the  LSGT 
consists  of  a  donor  (In  this  cate  a  pressed  pentolite  cylinder,  density  of 
1.56  Mg/a  ,  composed  of  two  1.54  cm  high  by  5.08  era  diam.  pellets),  a  gap 
(attenuator)  and  acceptor  (energetic  material).  Instead  of  using  air,  water, 
wax,  or  a  metal  as  attenuator,  the  LSGT  uses  a  cylinder  of  cast 
polymethylmethacrylate  (PMMA)  as  the  gap  material;  its  diameter  is  also  5.03 
cm.  To  extend  the  utility  of  the  test  to  materials  with  "large"  critical 
diameters,  the  acceptor  is  encased  in  a  steel  tube3;  its  inner  and  outer  tube 
diameters  are  3.65  and  4.76  cm,  respectively.  The  criterion  used  to  determine 
the  detonation  of  the  encased  acceptor  is  a  hole  punched  in  9.5  mm  (0.375  in.) 
thick  steel  plate.  The  critical  gap  or  50%  gap  is  the  experimental  measure  of 
the  6hock  sensitivity  of  the  energetic  material.  (As  opposed  to  the  LANL 


wedge  test,  normally  Instrumented  gap  tests  provide  no  Information  about  the 
run  distance  to  detonation  associated  with  the  50?  gap.)  The  pressure- 
distance  gradient  behind  the  attenuating  shock  front  (in  the  gap)  and  shock 
duration  change  with  gap  length;  knowledge  of  these  is  necessary  for  complete 
characterization  of  the  shock  sensitivity  data. 

R3WC  EXPANDED  LARGE  SCALE  GAP  TEST 

In  order  to  extend  the  applicability  of  the  LSGT  to  insensitive 
munitions,  Liddiard  and  Price  developed10*11  the  expanded  large  scale  gap  test 
(ELSGT)  by  basically  scaling  the  pentolite  donor  and  PMMA  attenuator  (gap)  of 
the  LSGT  by  a  factor  1.875.  The  inner  and  outer  tube  dianetera,  however,  are 
7.32  and  9.53  cm,  respectively  -  a  factor  of  2.00  in  scaling.  Again,  the 
criterion  used  to  determine  the  detonation  of  the  encased  acceptor  is  a  hole 
punched  in  a  steel  plate  -  19.1  mm  (0.75  in.)  thick  in  this  case.  No 
experimental  calibration  of  the  ELSGT  has  thus  far  been  made  although  a 
correlation  has  been  made  between  50  2  gap  data  from  the  LSGT  and  the  ELSGT1  . 
A  numerical  simulation  of  this  test  has  recently  been  made  by  Bowoan1  . 

AFATL  SUPER  GAP  TEST 

t 

A  much  larger  gap  test  has  been  described  by  Poster  et  al.  .  The  super 
gap  test  (SGT)  uses  an  encased  donor  and  an  encaaed  acceptor  (both  have  8.9  mm 
steel  walls  and  12.7  am  steel  plates  at  both  enda)  while  retaining  the  PMMA 
attenuator  of  the  above  gap  arrangements.  The  donor  is  a  18.2  cm  (7.15  in.) 
diameter  by  20.3  cm  (8.0  in.)  long  cast  Comp  B  cylinder  (unknown  density).  On 
occasions,  the  Comp  B  cylinder  is  unconfined  on  both  ends  and,  as  expected, 
the  results  with  this  laterally  confined  donor  arrangement  are  different  from 
those  of  the  confined  donor  system.  The  energetic  acceptor  has  the  same 
diameter  as  the  Comp  B  but  is  A0. 6  cm  (16.0  in)  long.  The  diagnostic  analysis 
of  detonation  is  much  more  extensive  than  either  the  LSGT  or  the  ELSGT; 
ionization  pins  and  an  axial  steel  witness  plate  help  to  define  the  run 
distance  to  detonation  (estimated  uncertainty  appears  to  be  about  12  mm).  In 
lieu  of  an  experimental  calibration  of  their  donor  and  attenuator  systems, 
Poster  et  al.  made  a  numerical  study  of  the  pressure  and  iivpulse  loading  of 
their  system  (as  discussed  later).  The  steel  end  plates  of  the  donor 
complicate  significantly  the  Interpretation  of  the  pressure-time  loading  of 
the  acceptor. 

NWC  AQUARIUM  GAP  TEST 

NWC  ha9  recently  developed  an  aquarium  gap  experiment  in  conjunction  with 
studies  of  the  shock  sensitivity  of  high  energy  propellants.  Because  of  the 
readily  available  supply  of  pentolite  pellets  for  the  NOL  LSGT,  it  was 
recommended15  that  the  donor  avstem  of  the  LSGT  also  be  used  as  the  donor  for 
this  aquarium  arrangement.  Thus  the  NWC  aquarium  gnp  arrangement  currently 
utilizes  a  pressed  pentolite  cylindrical  donor  (5.08  cm  x  5.08  cm);  the  donor 
and  acceptor  are  both  surrounded  by  water.  The  acceptor  shape  can  vary, 
sometimes  being  a  cylinder  but  at  others  a  rectangular  solid.  There  sre  two 
arrangements  for  the  aquarium  gap  experiment ;  one  arrangement  utilizes  a 
buckcc  to  contain  the  apparatus  (donor,  water  and  the  acceptor).  In  this 
case,  the  determination  of  a  detonation  is  a  hoi?  punched  in  a  6.3  ran  thick 
steel  plate.  Tor  calibration  purposes  and  in  instances  in  which  the  run 
distance  to  detonation  ia  to  bo  determined,  the  apparatus  is  confined  in  an 


? 
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aquarium  and  a  streak  camera  (occasionally  a  framing  camera)  is  used.  An 
experimental  pressure-distance  calibration  curve  has  been  obtained  for  this 
latter  arrangement. 

NSWC  LARGE  SCALE  AQUARIUM  GAP  EXPERIMENT 

In  order  to  explore  the  usage  of  an  aquarium  arrangement  to  obtain  shock 
reactivity  and  sensitivity  data  where  the  pressure  gradient  behind  the  shock 
front  approaches  that  of  the  LANL  wedge  test,  we  have  used  computer  modeling1 
of  various  donor  systems  to  select  the  appropriate  donor  system.  We  have  also 
raprodvced  the  NWC  aquarium  arrangement  in  order  to  conduct  some  experimental 
calibrations  of  the  system1  and  to  evaluate  the  various  donor  arrangements  in 
an  aquarium  environments  Based  upon  our  initial  computational  studies,  the 
donor  systems  of  the  LSGT  and  the  ELECT,  as  well  as  a  single  pellet  of  the 
ELSGT,  have  been  evaluated  as  donors.  Table  I  lists  the  donor  systems  which 
are  of  interest  experimentally  and  whose  pressure-distance  relationships  were 
to  be  outlined  in  the  numerical  simulations.  Because  of  explosive  weight 
limitations  in  our  firing  chamber,  our  current  donor  system  consists  of  the 
donor  of  the  LSGT  (5.07  cm  long)  followed  by  one  pellet  (9.53  cm  diam.  x  4.765 
cm  long)  of  the  ELSGT.  It  appears  that  the  characteristics  of  this  donor 
arrangement.  Donor  D,  are  basically  the  same  as  those  provided  by  Donor  B 
(ELSGT).  (In  the  earlier  experimental  work,  the  donor  was  the  same  as  in  the 
NWC  arangement  -  a  5.08  x  5.08  cm  cylinder  of  pressed  pentollte).  Both  the 
donor  and  the  acceptor  (usually  unconfined  cylindrical  charges  of  various 
diameters  and  lengths)  are  surrounded  by  water.  A  3treak  camera  is  used  to 
measure  run  distance  to  detonation  and  experimental  peak  pressure-distance 
relationships;  front  lighting  and  back  lighting  are  used  to  outline  the 
propagation  of  the  various  shock  fronts  and  also  the  detonation  wave. 

Table  I 

Donor  Configuration 

A  5.08  cm  high  x  5.08  cm  diam.  (LSGT) 

3  9.53  cm  high  x  9.53  cm  diam.  (ELSGT) 

C  4.765  cm  high  x  9.53  cm  diam. 

D  5.08  cm  high  x  5.08  cm  diam.  followed  by  a 

pellet  4.765  cm  high  x  9.53  cm  diam. 

(Composite  of  Donor  A  and  Donor  C) 

PRESSURE-DISTANCE  SHOCK  LOADING  CHARACTERISTICS 

Experimentally,  knowledge  of  the  variation  of  shock  amplitude  with 
distance  from  the  donor  is  most  Important  in  order  to  define  shock  sensitivity 
on  an  absolute  basis.  The  relationship  can  be  obtained  from  special 
calibration  experiments;  however,  it  is  highly  desirable  to  conduct  a 
numerical  simulation  of  the  experimental  arrangement  for  comparative  and 
predictive  purposes.  Numerical  simulations  have  been  carried  out  for  most  of 
the  tests  described  above  but  the  results  may  not  always  be  of  comparable 
quality.  ?or  example,  zoning  considerations  and  choices  of  constitutive 
equations  vary  from  study  to  study. 

Our  main  considerations  in  this  paper  are.  the  variation  of  both  pressure 
and  the  p-t  gradient,  behind  the  shock,  with  distance  from  the  donor.  In 
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later  reports,  the  variation  of  pressure  with  radial  direction  will  also  be 
addressed. 

SIMULATION  AND  EXPERIMENTAL  CALIBRATION  OF  THE  LSGT 

The  experimental  calibration  of  the  NOL  LSGT  (peak  pressure  on  axis  vs. 
distance)  has  been  reported  by  Erkman  et  al.  while  a  numerical  simulation  of 
it  has  been  made  by  Bowman  using  the  2DE  hydrodynamic  code.  Bowman's 
original  pressure-distance  relationship  hrs  been  improved  significantly  in 
recent  work  by  using  a  Forest  Fire  routipe  for  the  detonation  of  the  pentolite 
donor  instead  of  a  volume  burn  routine.  i  Tarver  and  James1  have  also 
simulated  the  LSGT  using  the  DYNA2D  hydrodynamic  code  but  have  not  reported  a 
pressure-distance  relationship.  The  current  accuracy  of  these  numerical 
models  of  the  LSGT  are  undocumented  in  the  open  literature. 

SIMULATION  AND  CALIBRATION  OF  THE  NWC  and  NSWC  AQUARIUM  TESTS 

Hudson  and  Sternberg  have  simulated,  using  the  DTNA2D  hydrodynamic  code, 
the  detonation  of  various  pentolite  donors  in  a  water  environment.  One  of 
the  objectives  of  the  calculations  was  to  understand  how  the  shape  and  size  of 
the  donor  influenced  the  peak  pressure-distance  relationship  and  the  pressure 
gradient  of  the  water  shock  wave.  Since  the  donors  included  those  in  Table  I, 
it  was  planned  that  the  water  gap  would  eventually  be  replaced  with  a  finite 
diameter  PMMA  gap  such  that  the  LSGT  and  the  ELSGT  arrangements  could  also  be 
simulated  with  the  rame  code  parameters  and  constitutive  equations. 

The  LSGT  donor,  Donor  A,  and  the  ELSGT  donor.  Donor  B  in  Table  I,  are 
composed  of  two  pentolite  pellets.  Each  pellet  has  a  diameter  to  height  (d/h) 
ratio  of  2  while  the  diameter  to  height  ratio  of  the  donor  is  1.  In  the 
numerical  simulations,  a  1  cm  diatn.  x  1  cm  high  donor  was  used  to  represent 
both  the  LSGT  and  ELSGT  donors  while  a  2  cm  diara.  x  1  cm  high  donor  was  used 
to  simulate  one  pellet  of  each  donor.  The  results  were  scaled  accordingly. 
Using  scaling,  the  simulation  of  Donor  C,  d/h  of  2,  would  allow  the  comparison 
of  output  with  the  experimental  data  for  one  pellet  of  the  ELSGT  and  the 
simulation  of  Donor  A,  d/h  of  1,  would  permit  comparison  with  the  calibration 
datal  of  the  NWC  (NSWC  version)  aquarium  gap  experiment.  In  addition,  scaling 
would  allow  a  comparison  on  computations  for  hypothetical  donors  of  any 
constant  height  but  of  different  d/h  ratios. 

The  pressure-distance  relationship  calculated  for  the  5.03  x  5.08  cm 
donor  (Donor  A)  in  a  water  environment  is  shown  in  Figure.  I  along  with  the 
corresponding  experimental  pressure-distance  relationship  ;  in  addition,  the 
calibration  curve  of  the  LSGT*7  is  displayed.  It  is  evident  that  there  is 
good  agreement  between  the  computed  and  experimental  p-x  data  for  Donor  A  and 
that  there  is  a  great  similarity  between  the  experimental  calibration  curves 
for  the  two  gap  materials.  The  extra  confinement  of  trie  donor  and  the 
"infinite"  diameter  of  the  gap  for  the  aquarium  arrangement  does  not  appear  to 
affect  significantly  the  p-x  relationship  relative  to  LSGT  data.  The 
difference  between  the  two  experimental  p-x  curves  appears  to  correlate  in 
large  part  with  the  difference  in  density  between  the  two  gap  materials. 
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FIGURE  t.  VARIATION  Of  PRESSURE  WITH  DISTANCE  IN  GAP 

EXPERIMENT  FOR  CONOR  A.  5jG8  CM  HIGH  X  5JB  CM 
WAWETER.  (•  HUDSON-CTERJSB3I3  CALCUIATIONS) 


During  the  calibration  of  the  LSGT1^,  significant  effort  was  taken  to 
document  the  presence  of  the  "knee"  seen  in  the  p  -  x  data  at  about  35  mm. 

Its  presence  was  attributed  to  rarefactions  from  the  lateral  surface  (of  the 
gap  (?)).  Since  the  water  gap  is  essentially  of  infinite  diameter  in  terms  of 
the  calibration  considerations,  it  is  evident  that  the  knee,  as  seen  in  the 
data  in  Figure  t,  can  not  be  associated  with  rarefactions  from  the  gap 
boundary.  The  p  -  t  data  for  the  two  donor  shapes  (d/h  of  1  and  2)  provide 
the  answer  to  the  occurrence  of  the  knee.  In  Figure  2  are  shown  the  pressure- 
time  data  for  a  5.00  x  5.00  cm  donor  (slightly  smaller  than  Donor  A)  at 
several  locations  in  the  water  (gap).  The  pressures  are  standardized  to  the 
maximum  pressure  seen  at  a  location,  left  3ide  of  the  figure,  while  the 
maximum  value  of  that  pressure  is  referenced  on  the  right  side  of  the  figure. 

In  Figure  3  are  the  corresponding  data  for  a  5.0  cm  high  x  10.0  cm  diatn.  donor 
(a  slightly  larger  version  of  Donor  C).  By  comparing  Figures  2  and  3,  the 
influence  of  charge  diameter  (for  a  constant  height)  are  immediately  evident. 
For  locations  near  0  and  10  mm,  the  p  -  t  data  of  Figures  2  and  3  essentially 
overlay  each  other;  for  locations  of  approximately  20,  30,  and  40  mm  the 
contours  in  Figure  2  are  significantly  shortened  in  time,  relative  to  Figure  3. 
Thus,  the  knee  in  the  p  -  x  plane  marks  the  location  where  the  rarefactions 
from  the  edge  of  the  explosive  donor  (farthest  from  the  detonator)  overtake, 
on  axis,  the  initial  water  shock  wave  (whose  amplitude  decreases  in  an 
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RELATIVE  P  IP/ PI  a  RELATIVE  P  {P/P, 


IGURE  2.  PRESSURE-TIME  DATA  FOR  VARIOUS  LOCATIONS  ON 
AXIS  FOR  SJI  CM  HIGH  X  5.0  CM  DIAMETER 
DONOR  (D/H  a  1).  (NUMBERS  ARE  LOCATIONS  IN  MM 
FROM  DGSJOR;  •Pinax> 


T!ME(M*3c) 


FIGURE  1  PRESSURE-TIME  DATA  F»JR  VAR’CUS  LCCAT?0,'G  ON 
AXIS  FOR  5.0  On  HIGH  X  tPO  CM  DIAMETER  DCSflfl 
(D/H  =  2).  (NUMBERS  ARE  LOCATffiSiS  IN  MM  FRCM 
DOf«GR;  ©  P  jr^ ) 
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exponential  manner  with  distance  to  about  ;i5  mm)  to  produce  a  shock  wave  which 
also  attenuate?  in  an  exponential  manner  with  distance  but  at  an  even  faster 
rate  than  seen  in  the  region  next  to  the  donor.  The  arrival  of  the  rarefaction 
at  the  0.3  mm  location  can  be  seen  in  Figure  2  at  about  13  microseconds;  in 
Figure  3  its  arrival  would  be  after  20  microseconds. 

The  interpretation  of  the  knee  in  the  pressure-distance  plane  is 
confirmed  by  the  data  of  Tasker.  Tetr.yl  cylindrical  donors  (1,50  Mg/sr) 
were  used  in  PUMA  gap  experiments  to  study  the  thresholds  for  reaction  an u 
detonation.  Two  sizes  of  donor  were  used:  they  were  5,08  cm  high  hut  one  had 
a  diameter  of  5,03  cm  while  the  cthet  had  a  diameter  of  7.62  cs.  Thus,  their 
d/h  ratios  were  1  and  1.5,  respectively.  Calibrations  of  these  systems  showed 
identical  p  -  x  relationships  down  to  approximately  35  mm  where  the  5.08  cm 
diameter  system  had  a  knee.  For  the  7.62  cm  diameter  system,  the  knee 
appeared  in  the  p  -  x  plane  at  about  54  mm.  That  is,  the  knee  occurred  at  a 
longer  distance  for  the  larger  diameter  system. 

This  correlation  is  confirmed  by  our  experimental  calibration  of  Donor 
as  shown  in  Figure  4.  Also  shown  in  the  figure  are  computed  data  for 
Donor  C  by  Hudson  and  Sternberg.  It  Is  seen  that  the  latter  data  agree  well 


RGUPi  4.  VAfllATOJ  OF  PRSSS13S  MiH  DISTANCE  FOR  50$O  C, 
4.7*5  CM  HIGH  X  8.53  CM  WEO.  !H  WA7SI 
CALCULATORS) 
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with  the  experimental  data  and  that  theie  ia  no  evidence  of  a  knee  In  the 

experimental  data,  at  least  to  70  am.  Thus,  we  see  that  the  location  of  the 

knee  in  the  data  of  Tasker  for  a  donor  with  d/h  of  1.5  ia  intermediate  between 

the  locations  of  the  knees  for  Donors  A  (d/h  of  1)  and  C  (d/h  of  2), 

confirming  the  interpretation  of  the  p  -  x  relationships  and  also 
demonstrating  that  the  simulations  of  Hudson  and  Sternberg  agree  very  nicely 
with  experimental  observations. 

SIMULATION  0?  THE  AFATL  SGT 

Aa  mentioned  earlier,  Foster  et  al.  did  not  experimentally  calibrate 
their  super  gap  test  but  did  conduct  a  numerical  simulation  with  the  Hull 
hydrodynamic  code.  They  performed  simulations  for  both  the  confined  and  the 
laterally  confined  Comp  B  donor  (no  end  plates).  The  laterally  confined  donor 
la  similar  to  a  configuration  whose  d/h  is  between  1  and  2;  thus,  it  should 
also  have  a  knee  in  the  p  -  x  plane.  In  Figure  13  of  Ref.  13,  the  knee 
appears  to  lie  between  105  and  125  mm  for  the  laterally  confined  donor.  It  is 
interesting  to  note  that  (because  of  the  steel  end  plates)  a  knee  was  not 
observed  in  the  Hull  p  -  x  data  for  the  confined  SGT  donor.  These  end  plates 
make  it  difficult  to  compare  preaure-time  loadings  from  the  SGT  with  other  gap 
experiments  where  the  donors  are  unconfined  at  the  ends.  The  pressure  time 
contours,  as  seen  in  Figures  2  and  3,  are  modified  significantly  by 
reflections  due  to  the  end  plates.  Hence,  in  the  following  discussions  we  can 
only  address  the  laterally  confined  donor  situation  since  there  are  no 
published  p  -  t  data  available  for  the  confined  donor;  the  laterally  confined 
donor  and  the  attenuator  system  of  the  super  gap  teat  can  be  seai- 
quantitatlvely  understood  in  terms  of  the  p  -  t  contours  shown  in  Figures  2 
and  3  and  the  p  -  x  data  in  Figures  1  and  4. 

PRESSURE-TIME  SHOCK  LOADING  CHARACTERISTICS 

The  shock  durations  from  the  various  gap  arrangements  have  not  been 
determined  experimentally.  Hence,  the  numerical  simulations  of  the  gap 
experiments  provide  the  insight  concerning  the  important  variable  -  shock 
duration  (or  the  total  available  shock  reaction  time).  The  data  shown  in 
Figures  2  and  3  weie  used  to  estimate  both  the  pressure  gradient  behind  the 
shock  front  and  the  duration  of  the  shock  wave.  As  is  evident  from  the 
figures,  both  are  subjective  parameters.  Hence,  the  pressure  gradient  was 
associated  with  the  time  for  a  202  decrease  in  the  maximum  pressure;  this  is 
the  value  3hown  in  the  second  column  of  the  following  tables.  The  shock 
duration  was  determined  at  two  locations;  at  802  of  the  maximum  pressure  (and 
thus  associated  with  the  pressure  gradient  in  the  second  column)  and  at  50%  of 
the  maximum  pressure.  The  two  durations  help  to  outline  changes  due  to 
rarefactiona.  Tables  II,  III,  and  IV  contain  the  corresponding  data  for 
Donors  A,  3,  and  C,  respectively.  (These  data  were,  determined  directly  from 
figures  such  as  Figures  2.  and  ?;  hence,  there  is  an  estimated  10  tc  15% 
uncertainty  in  the  quoted  values.)  It  is  quite  evident  from  these  data,  as 
well  aa  the  contours  shown  in  Figures  2  and  3,  that  the  shock  durations  will 
reach  a  maximum  value,  determined  by  the  location  where  the  rarefactions  from 
the  donor  overtake  the  initial  shock  wave.  At  pressures  below  3  G?a, 
calculations  shew  chat  the  shock  durations  again  increase  with  decreasing 
pressure. 
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Table  II 


PRESSURE  GRADIENTS  AND  SHOCK  DURATIONS  POR  DONOR.  A* 


p 

GPa 

-dP/dt  (0.8Pmax) 
GPa/mlcroaec 

t  (?  0.8Pmax 
mlcrosec 

t  <?  0.5Pmax 
mlcrosec 

12.0 

6.7 

.36 

1.7 

7,07 

1.23 

1.15 

4.0 

5.28 

.63 

1.7 

3.2 

4.79 

.64 

1.5 

2.9 

4.30 

.75 

1.15 

2.4 

3.00 

.87 

.69 

2.4 

*  on 

axis 

Table  III 

PRESSURE  GRADIENTS  AND 

SHOCK  DURATIONS 

FOR  DONOR  B* 

P 

-dP/dt  (O.BPmax) 

t  @  0.8Pmax  t 

@  0.5Praax 

GPa 

GPa/mlcrosec 

mlcrosec 

mlcrosec 

12.0 

3.6 

.67 

3.25 

7.07 

.65 

2.15 

7.6 

5.28 

.34 

3.15 

6.1 

4.79 

.34 

2.8 

5.4 

4.30 

.40 

2.15 

4.55 

3.00 

.46 

1.3 

4.55 

*  on  axis 

Table  IV 

PRESSURE  GRADIENTS  AND  SHOCK  DURATIONS  FOR  DONOR  C* 
P  -dP/dt  (O.SPmax)  t  @  0.8Pmax  t  @  0.5Pmax 


GPa 

GPa/mlcrosec 

mlcrosec 

mlcrosec 

11.8 

7.1 

.33 

1.62 

7.00 

1.36 

1.0 

4.0 

5.20 

.66 

1.6 

6.5 

4.69 

.51 

1.85 

7.35 

4.19 

.41 

2.05 

(9.5)** 

3.54 

.24 

2.9 

- 

*  on  axis 

**  estimated 
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DISCUSSION 

The  shock  sensitivity  of  an  energetic  material  is  defined  in  terms  of  the 
pressure-time  loading  provided  by  the  donor  of  the  teat.  That  is  shy,  of 
course,  the  shock  initiation  pressure  from  the  LSGT  is  different  from  that  of 
the  ELSGT,  for  example,  and  rankings  of  the  shock  sensitivity  from  gap  tests 
are  usually  relative  rather  than  absolute.  From  a  theoretical  modeling 
viewpoint,  knowledge  of  the  rressure-time  gradient  behind  the  entering  shock 
front  is  most  important  since  the  reaction  time  available  to  the  ingredients 
will  influence  the  shock  initiation  threshold.  That  is  why  it  is  important 
for  researchers  and  program  manager  to  understand  completely  any  limitations 
of  a  particular  gap  test  in  defining  shock  sensitivity. 

The  Importance  of  the  shock  duration  (and  the  gradient  behiui  the  shock 
wave)  on  the  shock  reactivity  and  sensitivity  of  an  EM  is  typically  seen  in 
comparisons  of  gap  test  data  and  wedge  test  data.  ’ 18  Because  of  the  shorter 
durations  and  larger  gradients  found  in  the  donor /attenuator  of  the  LSGT,  the 
run  distance  to  detonation  is  longer  in  the  LSGT.  The  data  in  Table  II  give 
us  a  measure  of  the  variation  of  these  important  parameters  for  the  LSGT  but 
what  are  the  corresponding  data  for  the  wedge  test?  Kury  is  conducting 
numerical  simulations  of  some  of  the  drivers  used  in  the  wedge  test  in  order 
to  understand  more  completely  the  influence  of  the  shock  gradient  oa  the 
reaction  kinetics  occurring  behind  the  shock  front.  His  data  for  a  typical 
high  density  EM  shows  that  the  Ccmp  B  driver  system  has  about  a  1.6  GPa/ps 
gradient  behind  the  7.4  GPa  front  with  a  shock  duration  time  st  3.7  GPa  of 
about  4  microseconds.  The  Baratol  driver  system  has  about  a  0.55  GPa/ps 
gradient  behind  the  4.2  GPa  front  with  a  shock  duration  approaching  5 
microseconds  at  2.1  GPa.  The  comparison  of  the  shock  durations  in  Tables  III 
and  IV  with  wedge  test  data  indicate  that  shock  loadings  from  the  ELSGT  and 
AFATL  SGT  (unconflned  and  laterally  confined  donors)  are  very  well  suited  for 
usage  in  the  evaluation  of  insensitive  explosives  and  propellants.  The  same 
can  not  be  said  for  the  use  of  the  LSGT  donor  attenuator  system  where  the 
shock  duration  times  may  be  close  to  a  critical  range  for  insensitive  and 
underwater  explosives;  an  example  of  potential  problems  with  the  a  LSGT 
donor/attenuator  system  is  outlined  in  Ref.  1.  Thus,  we  consider  the  use  of 
the  LSGT  "too  risky"  for  the  evaluation  of  shock  sensitivity  for  insensitive 
energetic  materials  (IEMs)  as  well  as  underwater  explosives  which  contain 
ammonium  perchlorate,  ammonium  nitrete,  aluminum,  nitroquanidine,  etc. 

IM  "SMALL  SCALE"  GAP  TEST  FOR  IEMs 


Earlier  papers  at  this  meeting  were  concerned  with  the  proper  small  scale 
tests  to  use  in  the  development  of  IEMs.  We  would  like  to  address  this 
concern  for  shock  sensitivity  testing.  We  propose  that  there  may  not  be  one 
ideal  3raall  scale  shock  sensitivity  test  for  IEMs.  Let  us  first  evaluate 
separately  the  requirements  for  the  donor,  the  attenuator  and  the  acceptor. 

For  the  donor,  the  data  in  Tables  II  -  IV  and  previous  discussions  indicate 
Donor  3,  along  with  the  laterally  confined  SGT  donor,  has  the  more  desirable 
shock  loading  characteristics  of  the  gap  tests  that  we  have  examined.  Because 
it  is  smaller,  Donor  B  (or  its  near  equivalent,  Donor  D)  is  our  selection  for 
thu  doner  of  a  small  ecale  test  for  IEMs. 
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the  next  consideration  Is  the  type  of  material  to  use  for  the  gap.  At 
present  with  our  incomplete  knowledge  of  shock  durations  in  the  PMHA  gap  tests 
(LSGT,  ELSGT,  SGT) ,  there  is  no  definitive  answer.  To  this  writer,  it 
presently  appears  that  no  significant  gain  arises  from  the  use  of  Donor  B  in 
an  aquarium  arrangement  as  opposed  to  using  Donor  B  in  air  with  a  FMItA  gap; 
this  is  contrary  to  our  expectations  before  the  computations  were  made  by 
Hudson  and  Sternberg  and  the  calibration  data  shown  in  Figure  1  were 
obtained.  Since  the  PMMA  in  air  arrangement  appears  easier  to  use  on  a 
routine  basis,  we  select  the  Dcnor  B/PMMA  system  (i.e.,  the  donor/attenuator 
of  the  ELSGT)  as  the  donor/ attenuator  system  for  a  "small  scale”  test  of  shock 
sensitivity  of  IEMs  and  all  underwater  explosives. 

The  choice  of  the  configuration  of  the  acceptor  ia  the  more  difficult 
selection  in  tha  absence  of  a  large  data  base  of  ELSGT  results.  Based  upon 
the  consideration  that  a  small  scale  test  should  use  the  smallest  amount  of 
acceptor  EM  in  the  formulation  stage,  we  believe  that  the  selection  of  the 
acceptor  size  should  not  be  fixed;  the  known  (or  estimated)  critical  diameter 
characteristics  of  the  IEM  should  determine  the  selactic-a  of  tha  acceptor 
size.  The  minimum  size  of  the  acceptor  would  be  the  LSGT  acceptor  size.  If 
this  minimum  size  is  unacceptable,  then  the  diameter  and  confinement  of  tha 
ELSGT  should  be  used  but  the  length  should  be  kept  the  same  as  the  LSGT,  14 
cm.  What  we  are  advocating  for  standard,  routine  testing  situations  is  the 
use  of  a  modified  version  of  the  ELSGT  as  the  "small  scale"  shock  sensitivity 
test  for  IEMs. 

This  modification  can  be  improved  still  further  with  additional 
instrumentation.  For  example,  if  a  facility  has  a  streak  camera,  then  the 
methodology  discussed  in  Ref.  1  provides  a  procedure  where  the  minimum  amount 
of  EM  can  be  used.  On  the  other  hand,  a  researcher  could  select  another 
criterion  for  tha  occurrence  of  detonation  in  the  teat  (a  dent  in  a  steel 
plate22  instead  of  a  hole  punched  in  a  plate,  etc.)  or  use  a  shorter 
acceptor2-.  These  aooroaches  may  Involve  development  of  a  modified  procedure 
and  are  not  as  straightforward  as  the  use  of  the  proposed  modified  version  of 
the  ELSGT.  However,  they  may  be  more  useful  as  a  "small  scale"  gap  test  for 
XEMa. 


If  one  wants  to  keep  approximately  the  shock  duration  of  the  LSGT,  then 
the  use  of  only  one  pentolite  pellet  In  the  proposed  modified  version  of  the 
ELSGT  would  allow  the  usage  of  larger  diameter  acceptors  with  the  shock 
loading  characteristics  of  the  LSGT. 

SHOCK  DURATION  OF  THE  ISGT  DONOR/  ATTENUATOR  SYSTEM 

Gap  testa  such  as  the  LSGT  and  ELSGT  have  a  major  feature  which  must  be 
considered  in  routine  and  non-routine  usage.  Namely,  the  shock  duration  goes 
through  a  maximum  as  peak  pressure  decreases.  Ideally,  In  shock  Initiation 
studies  one  would  like  to  keep  tha  shock  duration  fixed  at  some  large  value 
and  vary  tha  input  pressure  to  evaluate  shock  reactivity.  If  the  shock 
duration  has  to  vary,  then  it  Is  better  to  have  it  increase  as  perk  pressure 
decreases.  Unfortunately,  this  is  only  partly  true  for  gap  tests.  Ar,  s*en  in 
Tables  II  and  III  for  donors  with  d/h  ratios  of  1,  the  shock  duration 
decreases  in  the  5  to  2  GPa  range  of  the  p  -  x  plane.  As  an  example  of  the 
non-routine  application,  if  one  is  comparing  shock  sensitivities  over  a 
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pressure  range,  such  S3  in  Refs*  1  and  2,  then  it  oust  be  kept  in  mind  that 
pressure  is  not  the  only  variable  changing.  In  that  situation,  the  shock 
duration  should  be  long  enough  such  chat  it  plays  no  role  in  the  evaluation  of 
shock  reactivity.  Thus,  Donor  B  is  preferable  to  Donors  A  or  C.  is  mentioned 
earlier,  our  current  donor  system  (Donor  D)  consists  of  the  donor  of  the  LSGT 
(5.08  cm  high)  followed  by  one  pellet  (9.53  era  diatn.  x  4.765  cm  high)  of  the 
ELSGT.  (It  appears  that  the  characteristics  of  this  donor  arrangement  are 
basically  the  same  as  those  provided  by  Donor  B  but  with  less  explosive 
weight.)  Donors  2  and  D  can  approximate  the  driver  systems  of  the  wedge  test 
and  any  measurement  of  the  axial  distance  to  detonation  should  be  equivalent 
to  x*. 

Another  example  of  where  the  decrease  of  the  shock  duration  in  the  LSGT 
is  important  is  in  the  evaluation  of  delayed  detonation  using  the  LSGT. 

KeefeZJ  and  others  have  studied  the  probability  of  detonations  as  a  function 
of  gap  length  (or  gap  pressure)  using  the  LSGT.  Keefe  found  for  some 
propellants  that  the  probability  curve  had  two  maxima,  one  associated  (at  high 
pressures)  with  SDT  and  a  second  (at  lower  pressures)  associated  with  delayed 
detonation.  (Delayed  detonation  has  the  characteristics  that  the  distance  to 
detonation  and  time  to  detonation  at  the  502  gap  are  much  greater  than  in  the 
SDT  process.)  Interestingly,  the  delayed  detonation  process  occurred  in  the 
preesure  region  (gaps  >  40  mm)  where  the  shock  duration  is  decreasing 
rapidly.  It  would  be  of  great  interest  to  know  how  the  probability  of 
detonation  and  distances  to  detonation  vary  in  that  pressure  region  for  donors 
with  longer  shock  durations  (e.g.,  the  ELSGT  donor/attenuator  system).  This 
knowledge  could  be  cf  significant  mechanistic  importance. 

SUMMARY 

The  shock  loading  characteristics  of  gap  tests  can  be  more  fully 
understood  using  the  simulations  carried  out  by  Hudson  and  Sternberg.  The 
Importance  of  shock  duration  -  a  poorly  characterized  parameter  In  gap  tests  - 
is  discussed.  For  insensitive  explosives  and  propellants  and  for  all 
underwater  explosives,  a  modified  version  of  the  ELSGT  is  the  IM  "small  scale” 
shock  sensitivity  test  while  the  laterally  confined  donor  AFATL  SCT  is  the 
desired  IM  "large  scale"  shock  sensitivity  test;  our  understanding  of  the 
shock  loading  from  the  confined  AFATL  SGT  is  insufficient  to  make  any 
suggestions  or  recommendations.  The  use  of  the  LSGT  can  be  "too  risky”  for 
the  evaluation  of  9hock  sensitivity  of  insensitive  energetic  materials. 
However,  if  one  wants  to  continue  to  use  the  shock  duration  and  shock  gradient 
of  the  LSGT  but  with  larger  diameter  acceptors,  then  only  one  ELSCT  pentolite 
pellet  should  be  used  as  the  donor;  the  gap  diameter  must  fee  increased  while 
the  acceptor  diameter  ar.d  length  can  vary.  The  ELSGT  and  the  laterally 
confined  donor  AFATL  SGT  have  donor  systems  which  approach  the  p  -  t 
characteristics  of  the  wedge  test  driving  systems  rnd  thus  are  useful  in 
general  studies  of  shock  sensitivity. 
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ABSTRACT 

This  paper  describes  a  study  into  the  low  amplitude 
shock  initiation  of  three  explosives  using  experimental  and 
theoretical  techniques.  Experimentally  these  explosives  were 
tested  using  a  modified  gap  test  to  determine  the  pressure 
threshold  to  initiation  for  each.  This  gap  test  is  similar  to 
the  method  used  by  Tasker  and  Kroh.  The  free  surface  velocity 
of  the  acceptor  plate  is  recorded  as  a  function  of  the 
thickness  of  the  plexiglas  attenuator.  The  results  of  these 
tests  are  used  to  determine  the  pressure  threshold  for  the 
onset  of  shock  to  deflagration  and  deflagration  to  detonation 
transition. 


In  order  to  compare  these  test  values,  the  pressure 
profile  and  particle  velocity  profile  under  the  shock  wave  for 
the  threshold  of  these  explosives  were  calculated  by 
Lagrangian  Code.  From  the  pressure  profiles,  the  critical 
energies  for  ths  explosives  were  obtained  by  evaluating  tha 
integral  of  pressure  profile  of  the  shock  wave  in  the  acceptor 
and  particle  velocity  profile  [  p( t )l!p( t )dt ] .  To  determine 
the  performance  of  these  explosives,  Tiger  Code  calculations 
have  been  carried  out  for  detonation  pressure,  detonation 
velocity  and  Gurney  velocity. 


The  explosives  used  in  this  study  consisted  of 
pressed  RDX/WAX  (90/10)  which  w.33  used  as  a  standard,  a  slurry 
explosive  and  an  emulsion  explosive.  These  commercial 
products  are  typical  small  diameter  mining  explosives  with 
both  containing  les3  that.  51  aluminum. 

*  present  address:  Dept,  of  Mining 

Engineering,  Queen's  University,  Kingston, 

Ontario,  Canada,  K7L  -  JN6 
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IMTRCDPCT I ON 

Tba  Canadian  Explosive*  Research  Laboratory 
regularly  avaluates  commercial  explosives  tor  authorization 
under  the  Canada  Explosives  Act.  As  part  of  the  evaluation 
process  safety  characteristics  such  as  impact  sensitivity  and 
shock  sensitivity  are  evaluated.  Low  velocity  impacts  or  low 
amplitude  shock  waves  can  be  a  cause  of  a  violent  event  which 
can  lead  to  a  major  catastrophy,  for  example,  in  a  transporta- 
atlon  accident.  For  this  purpose  the  sensitivity  of 
commercial  products  to  low  amplitude  shock  waves  was  examined 
experimentally  and  theoretically.  The  effort  was  concentrated 
in  establishing  the  low  amplitude  impact  sensitivity  of 
commercial  explosives  by  using  calibratad  gap  tests.  In 
addition,  knowledge  of  both  the  sansitivity  and  performance 
enables  ua  to  find  commercial  explosives  with  high  performance 
and  low  sensitivity.  Such  explosives  include  slurry  and 
emulsion  explosives. 

This  paper  describes  theoretical  and  experimental 
investigations  which  were  conducted  on  two  types  of 
commercial  explosives  to  obtain  shock  sensitivity  and 
performance  data. 


BACKGROUND 


The  process  of  shock  impact  can  lead  to  a 
deflagration  or  detonation.  The  shock  vave,  if  it  is  strong 
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•nough  will  shock  initiate  the  explosive  end  deflagration  to 
detonation  transition  can  occur.  In  order  to  determine  shock 
to  detonation  transition,  projectile  tests  on  slurry  and 
emulsion  explosives  were  conducted  previously  (1).  A  series 
of  tests  were  conducted  by  varying  projectile  velocity  and 
diameter.  Aluminum  projectiles  were  fired  from  a  cannon 
towards  targets  of  explosive.  The  projectile  diameters  used 
were  2.5  eta,  5.1  cm,  10.2  cm  and  15.4  cm.  The  explosives  were 
tested  unccnfined  end  confined  in  steel  tubes.  The  projectile 
velocity  wan  calculated  by  reeding  the  time  interval  for 
passage  of  the  projectile  between  two  light  sensors  pieced  e 
known  distance  apart  In  front  of  the  explosive  target.  The 
impact  was  observed  by  a  high  speed  camera  having  a  writing 
speed  of  3000  frame  per  second.  Thus  the  detonation  or 
failure  of  the  target  was  determined.  The  experimental  aet  up 
is  shown  in  Figure  1.  Tne  results  of  the  tests  are  shown  In 
Table  1.  The  result  conclude  that  the  slurry  and  emulsion 
explosives  tested  did  not  detonate  from  iov  velocity  impact 
under  unconfirmed  conditions  and  that  it  was  a  case  of  shock  to 
detonation  transition. 

PROPERTIES  OF  EXPLOSIVES 


Three  explosives  were  tested  by  the  above  technique 
to  obtain  the  threshold  to  initiation.  These  sxplosives  were 
pressed  RDX  (90X  RDX,  10Z  WAX)  and,  a  3lurry  at  density  of 
1.15  g/cc  and  an  emulsion  at  density  of  1.15  g/cc.  The  waxed 
RDX  was  used  as  a  standard  because  of  the  reproductibiity  of 
the  acceptor  charges.  The  slurry  and  the  emulsion  products 
were  typical  cap  sensitive  commeioial  explosives.  Both  of 
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them  era  used  in  small  diameter  applications  and  they  contain 
•  smell  amount  of  aluminum  (less  than  5Z).  The  major 
components  of  the  slurry  explosive  used  are  ammonium  nitrate, 
calcium  nitrate,  ethylene  glycol,  aluminum  and  water,  the 
major  components  of  the  emulaion  explosive  used  are  ammonium 
nitrate,  sodium  nitrate,  calicum  nitrate,  aluminum,  water  and 
oil. 

The  slurry  uses  air  bubbles  in  order  to  achieve  the 
desirable  sensitivity.  The  air  bubbles  vary  In  size  from  a 
few  microns  to  a  few  millimeters.  The  emulsion  U3es  glass 
microballoons  with  an  average  size  of  70  microns.  The 
pressure  of  the  gas  inside  the  microballoous  is  normally  below 
the  atmospheric  pressure. 

Further  differences  in  the  two  products  are  found  in 
their  physical  characteristics.  In  the  slurry,  the 
discontinuous  phase  consists  of  fuels  and  oxidizer  salt 
crystals  and  the  continuous  phase  is  the  oxidizer  solution. 

In  the  emulsion,  the  continuous  phase  is  the  oils 
while  the  discontinuous  phase  consists  of  the  oxidizer  salt 
solution.  There  are  no  crystals  in  the  emulsion  and  the  mix 
is  much  more  intimate  than  in  the  case  of  the  slurry. 

CALIBRATED  GAP  TESTS 

From  the  projectile  impact  data,  it  is  apparent 
that  the  results  apply  to  a  transition  to  detonation  and  not 


Initiation  to  doflagratlon  which  may  not  result  in 
detonation.  For  thin  reason  a  modified  gap  test  was  used  to 
provide  data  for  low  amplitude  shock  initiation.  The  test  ia 
similar  to  the  one  implemented  by  Tasker  [2],  Liddiard  [3]  and 
Froh  1*1. 

The  experimental  set  up  is  shown  in  Figure  2. 
The  test  consisted  of  a  donor  chargo,  an  attenuator  plate,  an 
acceptor  charge  and  an  Argon  filled  light  bomb.  The  free 
surface  velocity  of  the  acceptor  plate  la  racorded  as  s 
function  of  tha  thicknaaa  of  tha  plexlglas  attenuator.  The 
donor  la  made  of  three  disks  of  pressed  RDX  (90X  RDX,  10X 
Wax).  Xach  disk  has  a  diameter  of  7.64  cm  and  a  height  of 
2.54  cm.  Ins  density  of  tha  charge  is  1.55  g/cc.  The 
attenuator  ia  made  of  square  plates  of  plexig'.as  with 
dimensions  of  17.8  cm  X  17.8  cm.  The  block  of  plexlglas  is 
normally  polished  ao  that  it  is  transparent.  The  acceptor  has 
tha  same  diameter  as  the  donor  and  a  height  of  2.54  cm  and  it 
is  place  in  such  a  way  that  they  have  a  common  axis  of 
aymme'  y.  Donor,  attenuator  and  acceptor  ara  gluad  without 
air  bubbles.  Tha  charge  la  placed  exactly  perpendicular  to 
the  slit  of  the  streak  camera. 

The  donor  Is  initiated  by  a  10  g  PSTN  primer  and  the 
event  Is  recorded  by  using  a  streak  camera.  The  slit  of  the 
camera  is  placed  at  the  centra  of  the  charge,  parallel  to  the 
axis  of  syrarosntry  of  the  charge.  At  a  specific  tins  the  light 
bomb  is  detonated  to  produce. the  back  light  necessary  for  the 
shadow  graphic  streak  camera  techniques.  From  the  cutoff  of 
this  light,  as  the  shock  wavs  passes  through  the  plexlglas, 


.  SLIT  OF  STREAK  CAMERA 


experimental  ARRANGEMENT  OF  Tilt:  CALIBRATED  gap  test 


it  is  possible  to  obtain  the  shock  velocity  in  the  plexiglas 
attenuator  as  a  function  of  thickness  of  the  plate. 

Furthermore  when  the  shock  wave  reaches  the  free  surface  of 
the  acceptor,  it  moves  it,  producing  a  cutoff  of  light.  From 
the  slope  of  this  line,  the  free  surface  velocity  can  be 
measured.  If  the  acceptor  detonates,  a  bright  flash  is 
normally  seen  in  the  streak  camera  record.  Streak  camera 
records  of  a  calibrated  gap  test  for  RDX/VAX.  Slurry  A  and 
Emulsion  A  sre  shown  in  Figures  3,  4  and  5  respectively. 

INTERPRETATION  OF  EXPERIMENTAL  RESULTS 

The  results  of  the  calibrated  gap  test  are  reported 
as  free  surface  velocity  vs  impact  pressure  curves  which 
indicate  the  thresholds  to  deflagration  and  detonation.  In 
order  to  obtain  these  curves  it  is  necessary  to  calculate  the 
pressure  in  the  plexiglss  attenuator  as  a  function  of 
the  thickness  of  the  attenuator  for  the  case  of  the  shock 
provided  by  the  standard  donor.  The  calculation  steps  are  as 
follows: 

a)  From  the  streak  camera  records,  the  shock  velocity  in 
the  plexiglas  can  be  obtained  at  various  points  of 
the  attenuator.  The  relationship  between  shock 
velocity  and  thickness  is  shown  in  Figure  6. 

b)  From  the  shock  velocity  and  the  Hugoniot  of  the 
plexiglas  (Us»2430  +  1 . 5785xUp) ,  the  particle  velocity 
can  be  calculated. 
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STREAK  CAMERA  RECORD  OF  A  CALIBRATED  GAP  Tfci.7  FOR  SLURRY  A. 


DISTANCE 


e)  The  pressure  in  tha  plexlglas  can  ba  calculated  from 
tha  density,  ahock  velocity  and  particla  velocity, 

(?■  pUpUs). 

Tha  ralationahip  between  preaaura  in  tha 
plaxlglaa  and  tha  plaxlglaa  thicknaaa  la  ahown  in  Flgura  7. 

Tha  Initial  preaaura  in  tha  exploalve  can  ba 
ealuculated  if  tha  Hugonlot  of  tha  unraacted  explosive  la 
known.  It  la  assumed  that  tha  preaaura  and  particla  velocity 
era  tha  aame  on  both  aidea  of  tha  attenuator  -  explosive 
interface.  Since  tha  ahock  preaaura  and  tha  particla  velocity 
in  tha  attenuator  ara  known,  tha  preaaura  P  and  tha  particle 
velocity  Up  in  tha  exploalve  ara  found  by  reflecting  tha 
attenuator  Hugonlot  along  tha  line  Up  »  constant,  and  finding 
tha  intersection  of  this  curve  and  tha  line  provided  by  tha 
Hugonlot  of  the  explosive  .  Tha  process  la  illustrated  in 
Flgura  8. 

>  a 

Hugoniots  of  explosives  wars  estimated  based  on 
values  from  previous  work  (5),  (8).  The  particle  velocity  of 
tha  unreacted  explosive  is  half  of  the  free  surface  velocity 
of  tha  acceptor.  The  pressure  of  the  unreacted  explosive  can 
ba  estimated  from  the  Hugonlot  for  the  explosive  and  the 
momentum  conservation  equation.  Pp?  <CUp*  SU^p-.y 

RESULTS 

Tha  experimental  results  for  waxed  RDX  ara  ahown  in 
Figure  9.  Figure  10  shows  the  relationship  between  tha 


PRESSURE 


FTGtrc:  0 


PARTtCAL  VELOCITY 


GRAPHICAL  METHOD  OF  OBTAINING  SHOCK  PRESSURE 
AND  PARTiCAL  VELOCITY  IN  UNDER  INITIATED  EXPLOSIVE. 
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plexiglas  shock  pressure  and  acceptor  free  surface  velocity 
for  waxed  RDX.  It  follows  that  the  trigger  initiation 
threshold  is  at  a  plexiglas  thicknessa  of  115  -  125  am  or  at  a 
shock  pressure  in  the  plexiglas  of  between  11  and  13  kbars. 

The  experimental  results  for  Slurry  A  are  shown 
in  Figure  11.  Figure  12  illustrates  the  relationship  between 
plexiglas  shock  pressure  and  acceptor  free  surface  velocity. 
The  trigger  Initiation  threshold  is  at  a  thickness  of  135  - 
145  ora  or  a  shock  pressure  in  the  plexiglass  of  between  10  and 
15  kbars. 


The  experimental  results  for  the  emulsion 
explosive  are  plotted  ao  plexiglas  thickness  -  acceptor  free 
surface  velocity  and  plexiglas  shock  pressure  -  acceptor  free 
surface  velocity  curves  in  Figures  13  and  14  respectively. 

The  trigger  Initiation  threshold  is  at  a  thickness  of  105-115 
mm  or  at  shock  pressure  in  tha  plexiglas  of  13-15  kbars.  The 
experimental  work  shovfs  that  a  threshold  to  initiation  could 
be  found  in  all  throe  explosives  tested.  These  results  are 
summarized  in  Table  2. 
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TABLE  2  s  RESULTS  OF  MODIFIED  GAP  TESTS 


Explosive 

Density 

(g/cn^ ) 

Trigger  Initiation 

Threshold 

(kbar) 

Detonation 

Threshold 

(kbar) 

Slurry  A 

1.15 

10.2 

30.33 

Emulsion  A 

1.13 

13.15 

23.25 

Waxed  RDX 

1.55 

11.13 

18.20 

CRITICAL  EKEKGT  CALCULATION 


The  gap  test  values  of  the  critical  pressure  for 
initiation  are  dependent  not  only  on  the  chemical  composition 
and  the  physical  properties  of  the  acceptor  chargo,  but  also 
on  the  dimensions  of  the  tests.  A  donor  of  different 
dimensions  will  produce  different  impulses  and  an  acceptor  of 
a  different  diameter  will  also  change  the  pressure-time 
profile  inside  the  acceptor  charge.  Obviously,  the  threshold 
values  given  represent  only  the  test  described  previously.  As 
such  the  test  is  good  only  for  comparative  purposes.  In  order 
to  obtain  values  which  are  not  dependent  on  the  geometry,  the 
pressure  profile  has  to  be  considered.  This  can  be  performed 
by  calculating  the  critical  energy  for  initiation  and 
detonation  (7),  (8),  (9),  (10). 

In  order  to  evaluate  the  computer  code 
calculations,  the  calcuates  results  were  compared  to  available 
experimental  data.  Hence,  the  relationship  between  plexiglas 
pressure  and  plexiglas  thickness  for  the  standard  donor  vas 
used.  Figure  15  illustrates  both  the  experimental  and  the 
calculated  curves.  The  agreement  is  good.  Figure  16  shows 
pressure  histories  for  various  points  along  the  axis  of 
symmetry  of  the  experiment.  The  critical  energy  In  calculated 
as  Ecr  -  f  PUpdt  where  p  is  the  pressure.  Up  is  particle 
velocity,  t  is  the  time  duration.  This  is  the  time  until  the 
perticla  velocity  vector  has  a  direction  opposite  to  the 
direction  of  the  propagation  of  the  initial  shock  wave  created 
by  the  impact. 
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According  to  the  experiment*  and  the  pressure  histories  the 


critlsal  energies  for  the  studied  explosives  were  obtained  by  evaluating 
the  integal  f(t)Up(t)dt.  The  results  ere  listed  in  Table  3. 
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TAB LX  3  i  RESULTS  OF  CRITICAL  EHERGT  CALCULATIONS 


Ixploslve 

Density 

<g/ca3) 

Modified  Gap 

trojectlle 

Impact 

<«/■*) 

Slurry  A 

1.13 

672 

1202 

Emulsion  A 

1.13 

2430 

4142 

Waxed  RDX 

1.53 

1382 

1476 

1237 
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PERFORMANCE  CMXUUTION5 

The  detonation  pressure  and  velocity  vnro  calculated  by  Tl(*er 
Coda  (il)  using  the  „CZ1  Equation  of  State.  The  (lurney  velocity  vna 
nit (mated  by  (Camlet's  formula  (10).  The  calculation  of  detonation 
velocity  is  in  s  reauon  agreement  with  the  exper inantal  values.  Tho 
results  from  the  calculation  are  aunmar Uod  in  Table  4. 

TABLE  4  i  THE  RE3ULT3  0?  PERFORMANCE  CALCULATIONS 


Exploa iva 

r 

Density 

Tl*t  r 

Coda 

Exper  lirents 

. 

Curney  Veloc  Ity 

.  *1 .  .. 

(g/cc) 

Detonat  Ion 

Volocity 

( km/  s ), 

Detenat ion 

Pressure 

(kbor) 

Value 

(kn/e) 

(kra/x) 

Slurry  A 

:.n 

4.4 

72 

4.1 

1.712 

Emulsion  A 

1 .12 

5.A 

68 

5.: 

2.084 

■ 

1.55 

R.O 

250 

- 

2.  780 

12:t3 


Froa  Table  4,  the  emulsion  explosive  has  higher  performance 
than  the  slurry  explosive,  the  value  for  the  amulsion  explosive  is  about 
20J  higher  than  far  the  slurry  explosive.  The  calculated  of  detonation 
velocities  are  in  reasonable  agreement  with  the  experimental  values 
measured  using  nichome  resistance  wire  velocity  probes. 

DISCUSSION 

The  experimental  results  using  the  modified  gap  test  show 
that  a  first  threshold  to  deflagration  before  detonation  occurred  in  all 
three  typo  of  explosives.  On  the  contrary,  projectile  impact  tents  are 
a  case  of  shock  to  detonations  transition  without  indication  of  the 
tirst  transition.  The  results  of  the  projectile  impact  touts  are 
reported  as  detonations  or  failures.  Therefore,  any  initiation  which 
did  not  propagate  to  a  detonation  is  reported  as  *  fatlum.  There 
appears  to  bo  no  general  agreement  on  the  exact  role  that  the  first 
transition  plays  in  the  shcok  initiation  process  determined  from  the 
modified  gap  tests.  Vo  call  this  transition  point  the  trigger 
initiation  transition.  Tho  energy  required  for  this  transition,  we  call 
'rigger  initiation  ensrgy. 

The  slurry  explosive  was  shown  to  be  more  sensitive  than  the 
emulsion  explosive  or  waxed  RDX.  It  exhibited  a  large  tone  where 
buildup  of  reaction  occurred.  In  addition  to  thia,  Figure  5  shows  that 
a  significant  amount  of  turning  take*  place  before  detonation  occurs  as 
evidenced  by  'he  'olatlvely  long  and  flat  transition  area  (Figure  12). 

In  t  lie  c.v-.o  of  the  emulsion  cxplor.ivn*  and  waxed  IU»X,  a  rapid  build  up  to 
<Sctoti.it  ion  is  observed  in  Figures  3  and  '<  when  tho  shock  proutmre 
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III  a  few  cases,  detonation  was  observed  several  mlcrosoeonds 
after  the  arrival  of  the  shock  wave  at  tho  interf.ee  between  plexiglas 
and  acceptor.  These  events  occurred  in  both  tho  slurry  and  emulsion 
explosives.  Figure  17  shows  a  streak  camera  record  illustrating  thin. 
However,  it  was  more  common  in  the  experiments  conducted  for  the  slurry 
explosive.  Thin  might  be  an  indication  of  the  role  of  air  bubbles  In 
slurry  explosives  or  microballoon  in  emulsion  explosives. 

The  emulsion  explosive  wjs  somewhat  moro  sensitive  than  the 
waxed  RDX.  This  is  due  to  the  high  density  of  the  waxed  RDX.  One  would 
expect  vexed  RDX  to  be  moro  sensitive  than  the  emulsion  explosives  at 
tha  same  donsity. 

Tho  behaviour  of  an  explosive  subjected  to  Impact  Is 
dependent  on  the  test  mot  hod  and  such  variables  duration  of  Impact, 
deformation  of  sample  and  confinement.  For  example,  Table  1  indicates 
the  critical  Impact  velocity  for  the  slurry  explosive  Is  447  m/s  In 
nor.-conf lncd  teat  conditions  and  3:57  m/s  confined  In  50  mm  ID  steel 
pipe.’*  This  Is  due  to  t  h ;  airi/al  of  rare! .ir.t  ion  waves  from  the  wall  of 


the  pipe  and  other  effect.;! 


'  xs.tsrt*  r '  1"' 


•r/.tr  *.srtr  at  r-u.- 
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conclusion; 


The  experimental  work  shows  t tut  on  initiation 
threshold  to  detonation  could  be  formed  in  oil  three 
explosives  tested.  The  slurry  explosives  was  shown  to  be  the 
most  sensitive  of  the  three.  This  agrees  with  the  projectile 
rest  results  for  a  detonation  threshold. 


From  critical  energy  calculations,  the  slurry 
explosive  exhibited  considerably  lower  critical  onergy  for 
initiation  due  to  low  amplitude  shocks  and  for  detonation  due 
to  high  velocity  projectile  impact.  Therefore,  It  is  expected 
that  the  slurry  explosive  will  be  mare  suscept.  I  able  to 
accidental  Initiation  than  the  emulsion  explosive  tested. 

Two  thresholds,  one  for  Initiation  and  one  for 
detonation,  3PST  curve  could  bo  Identified  by  modified  gap 
tests,  instead  of  one  detonation  threshold  by  project llo 
impact  tests.  The  initiation  and  deton.it  ion  thresholds  from 
r. edified  gap  tests  could  bo  identified  by  interpreting  the 
experimental  shock  pressure  and  particle  v-loclty  curves  fur 
l ho  explosives. 
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Factors  Affecting  the  Response 
of  Munitions  to  Shaped  Charge 

Jets 
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INTRODUCTION 


Shaped  charge  jets  represent  a  formidable  threat /hazard  to  target 
munitions.  An  understanding  of  the  response  of  munitions  to  jets  ie  of 
fundamental  importance  in  assessing  the  threat/hazard  situation  in  several 
areas  of  munition  deployment.  Specific  areas  of  concern  include:  the  mass 
detonation  hazard  from  the  premature  firing  of  a  warhead  jet  during  transport 
or  storage  into  neighbouring  rounds;  development  of  safe  and  predictable 
Explosive  Ordnance  Disposal  [ROD]  techniques  for  the  removal  of  unwanted 
munitions;  and  the  vulnerability  assessment  of  munitions  from  shaped  charge 
jet  attack  in  wartime  and  from  urban  guerillas  in  peacetime.  The  review  has 
treated  the  subject  in  terms  of  a  generic  jet  and  target  munition  system. 

Jets  were  produced  from  conventional  shaped  charge  warheads  end  the  generic 
munition  is  defined  as  an  unfuzed  cylindrical  case  filled  with  energetic 
material  (see  Figure  1).  From  the  point  of  view  of  shaped  charges  it  is 
convenient  to  consider  the  generic  munition  as  either  having  a  thin  or  thick 
case.  Thia  classification  arises  since  thin  cased  fillings  are  generally 
initiated  by  the  jet  impact  shock  whereas  thick  caead  fillings  are  initiated 
by  the  bow  wave  ahead  of  the  penetrating  jet  and  these  two  processes  have 
different  characteristics.  The  demarcation  thickness  between  the  two  systems 
is  normally  taken  as  equivalent  to  about  a  few  jet  diameters.  This  treatment 
ia  a  guide  only  since  in  some  situations  other  factors  (eg  presence  of  air 
cavities,  see  Section  3.6;  the  influence  of  critical  detonation  diameter,  see 
Section  3.2)  can  predominate  in  determing  the  Initiation  mechanism  and  level 
of  the  filling's  senstivity  to  jets. 

Moat  surveyed  work  has  been  concerned  with  studying  factors  and  processes 
that  influence  the  initiation  of  detonation  or  the  detonation/ lower  order 
reaction  threshold  of  the  filling.  However  USA  (Ballistic  Research 

1  2 
Laboratory,  BRL)  and  Australian  (Material  Research  Laboratories,  MEL) 

studies  suggest  that  jet  stimulation  or  lower  order  reactions  in  confined 
solid  fillings  can  lead  to  quite  violent  deflagrations.  The  fragmant/blast 
from  these  deflagrations  may  be  a  potential  cause  of 
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3. 


sympathetic  detonation  and  represents  a  technological  gap  In  our  knowledge. 
In  chis  papar  eha  chreat/hasard  laval  la  mostly  considered  Iron  eha  effect 
•2  eta  Jae  on  eha  detonation/ lower  ordar  raacelon  ehrashold  of  eha  generic 
Munition. 


2.  BASIC  JIT  ISITIATIOH  PaOCtoSES 
2.1  «ECHAiiISHS  OP  INITIATION 
2.1.1  COVE3XO  EXPLOSXVZS 

Tha  following  sumary  la  mostly  based  on  Auaerallan  work  and  from 
raaulea  of  a  Joint  Auaerallan  (K2U.)/USA  (BRL)  program  aponsorad  by  TTCP 
Subgroup  W.  Tha  results  have  b««n  progressively  reported  wlehln  TTC?  and 
eha  opan  llearaeura  over  racane  years . ' 


Whan  tha  Jae  hies  eha  surface  of  eha  cover  a  large  lap act  shock  Is 
producad.  The  impact  shock  propafates  through  eha  cover  ahead  of  tha  Jae 
hue  daeays  vary  rapidly.  For  thin  covers  of  leas  Chan  a  few  jae  dlaraaters 
inpace  is  aost  likely  eo  cause  detonation.  Pressures  up  to  a  few  thousand 
kilobara  are  produced  ae  eha  cover  surfaca  and  about  10C0  kbar  can  be 


transmitted  to  Che  explosive  -  this  coaparas  to  an  inleiatlon  pressure  in 
Conposieionv’in  tha  large  scale  gap  ease  of  20-23  kbar  The  penetrating  jet 
sees  up  a  bow  wave  ehac  overtakes  eha  Impact  shock  wlehln  a  few  jae 
dlanaears  of  eha  covar  surfaca.  Tha  eharaccerlaelcs  of  eha  bow  wave  are 


daoandanc  on  eha  prepare las  of  eha  Jae  and  Che  hose  notarial.  The  jet  end 
bow  wava  concinua  steady  penetration  cowards  eha  cover/exploslva  Interface. 
If  eha  penetration  race  in  the  covar  is  supersonic  a  shock  is  formed  with  a 
velocity  equal  co  eha  panaeraeion  race.  Xc  Is  expected  chat  this  shock 
would  detonate  eha  filling  In  soaa  situations.  Whan  eha  panaeraeion  race 
is  subsonic  or  the  bow  wave  shock  Is  weak  Initiation  Is  unlikely  and  the 
wave  Is  transmitted  to  eha  explosive.  Tha  precursor  wave  (decoying  jae 
lapace  or  cover  bow  wave)  ahead  of  eha  Jae  can  desensitise  tbs  explosive 
filling  (sea  Section  2.2).  When  eha  jet  penetrates  tbs  explosive  s  new  bow 
wave  is  see  up.  The  lnieial  prassura  ae  eha  Jae  tip  In  eha  explosive  is 
several  orders  of  magnitude  graaear  than  eha  bow  wava  pressur*.  Ic  can 
also  be  several  orders  of  eagnieuda  greater  chan  the  critical  Initiation 
prassura  without  daeonacion  occurring.  Sasotlon  occurs  wlehln  the 
thickness  of  eha  bow  wava  which  can  either  build  up  eo  detonation  or  cause 
eha  round  eo  fail.  Tha  procsss  by  which  eha  bow  wave  desensitises  the 
explosive  is  discussed  in  the  Dane  Section,  dec  generation  of  tha 
explosive  la  supersonic  and  considerable  evidence3  suggests  that  the  bow 
wava  shock  formed  is  the  usual  method  of  Initiating  energetic  fillings  with 
chick  covers. 


Depending  on  the  velocity  of  tbs  jac  and  the  cover  characteristics 
several  types  of  event  ere  possible; 


(a)  for  very  thin  covers  and  high  Jet  velocities  the  impact  shock  can 
cause  detonation.  This  occurs  within  a  fav  aillmetres  of  the 
explosive  surface  and  before  the  arrival  of  the  Jet. 

(b)  for  shin  covers  strong  bow  waves  can  cause  prompt  detonation  within 
a  few  millimetres  of  the  explosive  surface. 
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(e)  a  tha  j«c  velocity  decreases  with  increasing  cover  thickness  bow 
wovo  strength  in  the  explosive  decreases  and  tba  run  dlstanca  and 
tlflM  CO  datonaclon  increases.  Thus  naar  tha  critical  condition, 
da  tonic  Ion  in  Composition  >  can  taka  11  pa  and  40  mm  far  Initiation 
by  tha  38  mm  dlaaccar  shaped  charge  jac, 

(d)  for  bow  wavaa  balow  tha  critical  condition  tha  explosive  fallat 

tha  jac  penetrates  through  tha  explosive  with  tha  bow  wava  enuring 
disruption  and/or  raacelon, 

(a)  jat  bow  wavaa  raflactad  back  into  tha  explosive  froai  a  ataal 

aurfaca  at  tha  far  and  of  ease  samples  can  causa  datonaclon.  This 
has  boon  obsarvad  naar  tha  crleleal  jat  Initiation  condition  with 
axploalva  samples  of  up  eo  30  am  long  far  jata  fro*  a  38  mm  ahapad 
charga  and  with  naapiaa  up  to  100  mm  long  for  joca  fro*  a  81  mm 
charga.  Thla  rut  be  considered  aa  a  potential  mechanism  for 
Initiation  In  aunltlon  systems,  at  Isaac  In  smaller  gioaatrlaa  with 
haary  confinement  naar  ClM  jat  Initiation  chraahold. 

For  covarad  axploslvaa  Australian  work  has  navar  obsarvad 
Initiation  occurring  directly  at  tha  jac.  It  has  always  occurred  In  the 
shock  ahead  of  tha  jac  or  not  at  all. 

2.1.2  BARE  EXPLOSIVE 3 

For  bare  explosives  the  jac  l^act  either  causes  detonation  at  (or 
vary  near)  the  surface  or  not. at  ail.  Hadar  and  Flablay  In  the  USA  (Los 
AlatMS  National  Laboratory;  have  undertaken  an  extensive  numerical 
modelling  study  of  eha  process  and  attributed  tha  surface  nature  of  the 
process  to  eha  rapid  quenching  action  of  tha  rarefactions  on  any  shock  that 
does  not  establish  a  prompt,  curved  detection  front.  The  results  of  tha 
conputsr  Modelling  study  era  in  accord  with  Measurements  using  Multiple, 
orthogonal,  flash  radiography  of  eha  detonation  build-up  In  axqloslves  .. 
carried  out  by  tha  joint  Australian  (HBD/U3A  (ERL)  program.  '  '  HeldJ 
produced  the  original  proposal  for  eha  Influence  of  jac  velocity  and 
dlamecar  on  eha  detonation  threshold  of  bare  axploalvaa  (aaa  Section  4) 

However,  recent  Australian  work  has  shown  thee  If  eha  ratio 

of  an  explosive's  critical  daconation  diameter  to  the  Jat  dlaaacar  is  large 
than  there  la  a  transition  In  eha  meds  of  initiation  from  that  produced  at 
tha  aurfaca  by  tha  Impact  shock  to  that  produced  In  the  bulk  of  cha 
axploalva  by  eha  bow  wave  of  cha  penetrating  jae  -  thla  transition  la 
accompanied  by  a  marked  drop  In  jac  sensitlsley.  These  observations  era 
discussed  In  Section  3.2. 

2.2  MV  WAVE  INITIATION  AliO  CESZNSITISAflCN 

Tha  Jar.  bow  wava  Initiation  and  dasanaitisaeion  of  explosive  has 
different  characteristics  than  thosa  associated  with  conventional  shock 
Initiation.  Tha  long  decor.sclen  build-up  distances  snd  tines  sc  tha 
critical  condition  ware  indicated  in  Section  2.1.1.  Toe  summary  of  cha 
procejs^describad  b->  low  is  taken  from  the  Australian  (KRI,)/USA  (SRL) 
work. 
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The  Initial  mv«i  transmitted  to  the  explosive  (roo  eho  cover  by 
tho  penetrating  joe  my  precondition  eho  initial  layor  of  explosive  and 
cause. desensitlsatlon  of  eh*  typo  Initially  postulated  by  Campabetl 
OC  al‘*’13  (ehio  considers  chat  eho  ioietal  lew  pressure  precursor  wove 
deactivates  eho  hoe  spots  ea  nho  higher  pressure  in  the  joe  tip  region). 
However,  direct  evidence  from  flesh  radiographs  and  refutes  using  different 
cover  eacerlals  have  shown  that  during  jee  oeneeretion  of  the  explosive  a 
how  wave  developes  with  associated  reaction  (teraad  bow  wave  burn).  As  eho 
Jet  penetrates  further  in  the  explosive  bow  wave  burn  produces  Increasing 
reaction  with  eho  front  becoming  more  defined  on  flash  radiographs. 
Conscouenely  bow  wave  burn  liters  the  state  of  the  explosive  end  the  shock 
profile  by  decreasing  ehe  pressure  in  eho  sons  ad J scene  to  tho  Jet  tip. 

Thu «  the  jet  penetrates  mosely  products  rather  than  unreaceed  explosive  and 
tho  bow  wove  desensitises  ehe  explosive  by  eaeslng  it  to  undergo  a  fast 
reaction  racher  than  a  detonation.  If  the  bow  wavs  shock  is  strong  enough 
the  franc  runs  up  to  detonation.  For  weaker  bow  waves,  however  the  burn 
process  helps  seop  detonation  altogether.  This  is  demonstrated  by  the 
introduction  of  an  air  gap  in  an  explosive  eharge  which  would  otherwise 
fall.  The  air  gap  dissipates  the  bow  wave  and  the  Jet  produces  prompt 
detonation  at  the  explosive  surface  on  the  far  side  of  the  veld  (tee 
Section  3.6  for  further  discussion  on  ehe  tenslelslng  efface  of  voids). 

The  similar  critical  jet  velocities  for  the  threshold  initiation  of 
Composition  S  with  steel,  aluminium  and  plexlglss  cover  eacerlals  (and 
which  e ranaele  very  different  shaped  precursor  waves  Into  ehe  Initial  layer 
of  explosive)  demonstrates  that  the  characteristics  of  the  bow  wave  of  the 
Jet  penetrating  the  explosive  (including  eho  bow  wove  burn  detensltlsatlon) 
ere  responsible  for  determining  tho  initiation  and  failure  processes. 
Keeauremenrs  from  radiographs  suggest  the  »“*w  wove  region  in  Composition  • 
to  bo  up  to  about  10  mm  chick  with  a  duration  of  up  to  3  »•  for  the  Jee 
from  e  34  am  diameter  shaped  charge. 

In  two  recent  papers  Held**'**  (lg|.  Usee  Germany)  has  repeated 
several  of  the  Australian  (PHO/USAddLr  *  experiments  with  similar 
results.  However,  these  two  papers  do  not  eetenpc  to  interpret  the  results 
In  eerms  of  Jet  bow  wave  Initiation  and  deeenslelseclon. 

Meder  has  numerically  medalled  the  form  of  ehe  praeurser  wave 
desensleltaelon  (hot  spot  doacelvecion)  that  secure  In  «tu«  initial  layur  mi 
explosive  at  ehe  barrier  boundary.  The  heels  of  Mader'e  *• ode  calculations 
were  ehe  arrangemanes  end  resales  from  the  Australian  end  Join*  Australian 
(MU.)/l»A(ML)  studies. 

An  experimental  and  numerical  modelling  study  earrled  out  by 
Urocele*®  et  si  In  Franca  examined  two  thinly  eevered  explosive*.  The 
numerical  method  wee  slnllsr  to  thee  reported  by  Kader  et  el. "  The  KMX 
composition  exhibited  lapact  Initiation  similar  to  that  reported  In 
2.i.2J""4  Although  reaction  In  composition  faded  from  the  lapact 

shock  as  per  the  Hader  *e  al  study4  4  It  suosaguently  detonated  several 
allllmseret  below  the  explosive  surface  following  support  from  o 
compression  wove  produced  In  the  explosive  by  the  jee  ac  the  Interface  with 
the  eover. 

Although  experimental  wotk^"**' ever  recent  yeers  has  lead  to 
the  discovery  and  characterisation  of  jee  bow  veve  Initiation  and 
derenatelsaeton  thera  It  a  requirement  for  further  work.  Hot#  Information 
Is  needed  on  the  characteristics  of  bow  wave  mechsctsms  In  e  range  ef 
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energetic  utirlili  (the  Joint  Australia*  (ML) /USA  (111)  atudy  1* 
proposing  (urtbor  work  la  thla  araa),  reactive  aumarleal  model*  m«4  to  bo 
a  xp  ended  to  taka  account  of  tho  proceasea  and  tho  lack  of  tboorotlcol  work 
rogulroo  eddreaalng. 


3.  imcn  or  cmsic  winnow  cmtAcrwnncs 


3.1  ouxactuistxc*  or  m  untie trie  nuxocs 

frou  tbo  po.nt  of  wlow  of  tho  ahoped  charge  Jot  threat/hainrd, 
filling*  of  onergetlc  material*  may  bo  conaldorod  ta  3  claoaoai  axplotivaa, 
•olid  propellant*  and  looao  propellant*  (propellant  boda).  Tho  awrvov  on 
which  thla  paper  la  baaad  found  that  neat  work  hot  boon  carrlod  out  on 
OKploolvoot  atudlaa  on  propellant  boda  have  boon  confined  to  ML  ond  a 
roconc  Investigation  on  tolld  propellant*  boa  c  erne*  need  ta  Australia. 

Inf  amotion  to  do  to  suggest*  that  tbo  atallar  pbyalcal  atato  of  oaploalvoa 
and  aolld  propellant*  nay  confer  atallar  gtterai  charactorlatlca  la  choir 
roapoaao  to  Jett.  It  la  oapectad,  however  that  aoao  controlling  paraaocora 
will  produce  largo  dlf faranraa  ta  :he  degree  of  tho  raaponao  froa  tho  two 
typo  a  of  enorgoclc  notarial  a.g.  tho  largo  critical  dlaontor  of  many 
propollanta  would  bo  expected  to  have  an  overriding  Influence  on  their 
aonaltlvlt7  to  Jot*.  Clearly  there  la  a  requirement  to  remady  tbo  lack  of 
Information  on  too  raaponao  of  aolld  pmpellanta  to  Jota. 

Although  thla  aurvey  ta  primarily  concerned  with  the  raaponao  of 
onploalvea  and  aolld  propelianca  Information  to  propellant  boda  la 
suanaerlsed  la  Section  3.1.1. 

3.1.1  PtOPtLLAirr  MDS 

Tho  general  pbyatca!  atmeture  of  tho  grata  packing  ot  a  propel  lent 
bod  would  bo  expected  te  play  >a  important  rola  la  tt>  raaponac  to  ahaped 
charge  Jata.  Thu*  tbo  network  of  vetda  and  tbo  tow  dooaley  may  dlacourage 
tho  growth  of  o  regular  bow  wove  but  promote  tbo  dovelepoonc  of  burning. 

Mark  by  Major**  ot  al1*’1*  at  ML  In  tho  l*TO'a  atudtad  tho  affect 
of  •  hoped  charge  Jett  on  propellant  bed*  a-vt  found  that  localtaad  violent 
reaction  (detonation)  waa  product!  by  jot  l  op  act  and  along  tho  Joc'a  path 
through  tho  propellant.  They  found  that  vtalant  react  tan  wont  out  but  tho 
majority  of  thn  remaining  propellant  waa  eanaumad  by  burning,  for  oxauplo, 
tho  lew  velocity  portion  of  tho  jot  consumed  about  SOX  af  tho  propellant. 
Tho  ttudy  concluded  that  tbo  mount  of  both  vtolont  reaction  and  burning 
reaction  tncroaaod  with  tho  kinetic  a^rgy  af  tho  jot  (l.o.  Increased  with 
velocity  ond  diameter),  Amlaraon  aubaeeuencly  produced  a  modal  to 
approximate  the  work  of  Ka' •  ru »  at  al.  further  work  at  ML  by  Irovn  at 
al  found  that  tho  aovorlty  at  tho  rupture  of  tbo  cartridge  eoao  tncraaaad 
ultk  residual  Jot  velocity  ond  Jet  path  length  lo  the  propellant  bod. 

Meant  work  by  War  ton ‘  alio  of  ML  developed  a  oathod  for  excelling  tho 
amount  of  violent  reaction  Induced  In  the  propellant  bad  by  a  theped  charge 
Jet.  Thla  oathod  manured  the  shock  dacay  curve  to  tho  propellant  from  "ha 
local  tied  violent  reaction.  The  result*  thovad  that  tho  rate  of  decay  of 
tho  curve  «a*  ralaced  to  tho  decree  of  violent  reaction  and  that  tho  amthod 
wee  capable  ef  distinguishing  between  the  reactivity  of  different  type*  of 
propellent*.  Thu*,  Watson's  oathod  offer*  the  poaalbllity  af  using  a  amall 
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•cat*  test  eo  eases*  the  response  of  eke  Incereeclon  of  various  types  of 
propellant  beds  and  Joes.  TM.  would  appear  to  open  a  way  eo  study  the 
physical  and  cheislcal  characteristics  of  propel  lane  bade  with  a  view  to 
■inisilslng  their  violent  response  eo  shaped  charge  Jets. 

3.1.2  CmOSIVJS  ARO  SOLIS  PtOPtLUUTfS 

Joe  impact  is  a  conventional  shock  initiation  process  and  has  been 
extensively  Modelled  by  Hader  et  at  at  UUfL  It  is  also  expected  thee 

the  small  diamntsr  rod  initiation  of  Coapoaitloa  I  nodellsd  by 
Searfcenberg21  ee  al  at  SXL  would  have  application  to  jet  iapact.  Cene^aJJy 
these  Modelling  studies  are  supported  by  LASL  and  Australian  (MKL)  ’ 
experlnental  work  on  bare  explosives  which  shows  a  correlation  between  the 
shock  sensitivity  (as  Measured  on  the  gap  test)  and  the  critical  Jet 
velocity.  An  Important  limitation  to  the  interpretation  of  both  tfca 
modelling  and  axperlmantal  raaults  is  the  effect  of  the  explosives  crltlcel 
da tonal Ion  diameter.  However,  ee  diacueted  le  Section  3.2,  this  failure 
mey  be  only  temporary  if  chs  bow  wave  set-up  in  the  explosive  by  the 
penetrating  jet  is  strong  enough  and  exceed*  the  crltlcel  detonation 
diameter. 

dot  how  wave  Initiation  le  assumed  to  be  e  shock. type-process . 

This  is  supported  by  the  joint  Australian  (H*L)/'JSA(a8i.)  _v'  work  in 
which  the  measured  critical  Jet  penetration  velocltl**.  for  several 
explosive*  have  been  shown  to  be  greater  than  the  sonic  velocity,  hence  the 
initiating  bow  wave  will  be  in  the  fort*  of  a  shock.  Furthermor*  thaso 
studies  slso  found  a  good  correlation  between  the  critical  Jet  penetration 
velocity  and  the  shock  sensitivity  (a*  measured  on  the  gap  cast)  for  7 
different  tyyea  of  explosive  composition. 

■Jltvc#  both  the  jot  impact  shock  and  bow  wsve  Initiation  Mechanisms 
sro  shock  processes  then  It  mey  be  assumed  thee  properties  related  to  the 
phyaical  ante  ef  the  explosive  are  iMpercaae  in  Jet  senelclvltyt  a.g. 
density,  particle  site  and  surface  area,  porosity,  method  *o  fabrication. 
This  is  demonstrated  by  raaults  using  THT,  *  Pressed  7WT  was  found  to  ba 
si  null  leant  ly  store  Jet  sensitive  than  east  TNT  although  both  bad  a  similar 
density  -  this  it  typical  shock  sensitivity  behaviour. 

3.2  vxmrcr.ct  or  mitical  otTosAtiOH  oiAhrrt* 

Australian****^  and  Joint  Australian  (MD/VSA  (8HL)**- ®  studies 
hove  Investigated  the  effect  ot  the  ratio  of  the  Jet  diameter  (d)  to 
critical  detonation  diameter  (0)  on  the  level  ef  sensitivity  and  mechanism 
of  Initiation  ef  bare  explosives. 

Jet*  from  13,  38  snd  81  ms  diameter  shaped  charges  ware  fired  Into 
bare  fillings.  The  explosives  represented  s  range  of  critical  deconac too 
diameters  snd  Included  the  toemm  munition  tilling*  Composition  8,  H-b, 
Octal  and  T!*T.  ttutli.pl*  flash  radiography  was  used  to  observe  and  measure 
•vents  occurring  inside  the  explosive. 

Table  l  show*  that  depending  on  the  Jet/target  explosive 
eomhl-atlon,  Initiation  was  produced  either  by  the  Jet  lopact  at  the 
explosive  surface  ot  from  the  bow  wave  of  the  Jet  penetrating  the 
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explosive.  Tba  observed  icpact  initiation  conforms  ee^ebjc  normally 
osseciatejd  with  the  action  of  jets  on  boro  explosives."'  Jot  baw  vave 
initiation  occurred  within  the  bulk  of  the  explosive  which  la  tha  caisson 
jet  Initiation  raebanisa  for  no  til  um  and  thickly  covarad  explosives.  It  la 
laperetat  to  note  that  Composition  B  and  3-6  exhibited  either  jet  Impact  or 
jet  bow  wavs  Initiation  ac  the  threshold  conditions  depending  on  the  jet 
di faster.  The  explanation  for  this  observation  in  that  the  impact  shock 
reaction  failed  to  axpa,?d  to  the  minimus  detonation  diaexatsr  before  being 
quenched  Uy  rarefactions  where ts  tbs  swssauent  jet  penetration  be  t'  wove 
built-up  and  expanded  to  greeter  than  rbe  wiaiiaum  diawstar  required  for 
detonation,  further  evidence  is  given  by  Australian  flash  radiographic 
results  which  show  slsllar  crltisa?  <at,v.' loeitiec  for.casc  TUT  in  both  the 
bare  and  covered  eenflgn:'  aeien.,,8'i*‘i-}  rfauar  ac  al10,u  have  numerically 
medalled  the  limiting  effect  of  critical  detonation  diameter  en  the  jet 
impact  mechanism  and  in  tha  failure  etnas  detonation  was  quickly  quenched 
by  side  and  rear  rarefactions.  However,  tVi  eraatuone  did  not  consider  the 
subsequent  effect  of  the  bow  wave  free  jet  penetration 

In  Table  1  it  ia  proposed  that  the  empirical  ratio,  0/d,  may  be 
used  to  asetmats  the  transition  la  the  node  of  initiation.  The  data 
indicates  that  there  la  no  contradiction  to  the  predictive  criterion. 


0/d  >  3 


U> 


Thus  for  here  explosive  where  D/d  <  3,  jets  would  be  expected  to  produce 
lispecc  initiation  and  where  0/d  >  3  jet  penetration  bow  wave  initiation  is 
predicted. 

Kaeulta  for  several  explosives  have  shown  that  jet  bow  wave 
Initiation  ijegulraa  velocities  between  40-701  higher  then  for  jet  impact 
initiation.  Therefore  a  consequence  of  the  results  ia  thee  the 
transition  is  accompenlsd  by  a  sharp  Jump  in  ehe  critical  Jet  velocity  and 
hence  a  significant  drop  in  the  explosive1 a  measured  sensitivity  to  Jets. 

Hanes  It  la  most  important  to  select  the  correct  form  of  ths 
predict tve  aquation  for  Che  detonation  threshold  defending  on  tie  trnchanlsm 
of  initiation  -  S*e  See. 'on  4,  " 

the  application  of  the  D/d  erltarlum  is  particularly  relevant  coj 

(a)  Insensitive  explosive  fillings  which  generally  have  large  critical 
detonation  disasters, 

(b)  solid  rocket  propellants  with  largs  proportions  of  secondary 
explosives  which  have  small  critical  detonation  diameters,  and 

(c)  explosive  Orunanc*  Disposal  and  the  producton  of  predictable 
events. 

further  vork  is  required  to  confirm  tbs  influence  of  critical 
detent? ten  diameter  of  explosives  and  solid  proponents  cn  the  mechanism  of 
Jet  initiecicn  arid  level  of  jec  sensitivity.  These  rasulcs  will  also  allow 
further  teseing/modif icatlon  of  tito  C/d  predictive  erlterium.  Energer.it 
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materials  of  particular  interest  are  Insensitive  explosive  fillings  and 
solid  propellants  containing  Urje  proportions  of  secondary  explosives. 
The  Australian  (K5 lD/lf5A  (3RD  program  is  proposing  further  work  in  this 
ares. 


3.3  EFf'ZCT  0?  FILLIJW  DIAHETER 

Tha  effect  of  unconfirmed  sa-tple  sixe  on  the  Jac  laitlatlon^of 
eoverod  Composition  B  has  been  assaiied  in  Australian  work  (MRL) •  The 
study  used  33  an  and  76  mm  diameter  steel  covered  charges  with  no  aide 
conflnesent  and  copper  jets  1.3  ara  diameter  flrad  from  38  am  diameter 
shaped  charges. 

Several  fl  ings  for  both  charge  diameters  In  a  Bruceton  go/no-go 
sequence  gave  the  ame  mean  critical  jet  velocity  for  the  detonation 
threshold  oi  3.2  a. /us  which  is  thus  assumed  represents  the  Halting  value. 
These  results  may  suggest  chat  for  a  chargc/jet  dlaaator  ratio  graatar 
than  at  laasc  23  (13/1.3)  thara  is  no  charge  diameter  effect  where  side 
conflseaent  is  not  an  issue  -  see  Section  3.3  for  sn  assessment  of  side 
confinement.  This  result  Is  useful  in  the  design  of  small  scale  tasting 
for  the  determination  of  Jet  sensitivity  values  of  energetic  fillings  and 
were  (instrumented)  tests  are  undertaken  to  assess  controlling  parameters 
for  jet  bow  wave  initiation. 

3.4  BOLE  07  THE  COVER 

The  thickness  of  the  cover  in  the  region  of  jet  Impact  is  of  prime 
Importance  in  determining  the  mechanism  cf  initiation  and  lavel  of  jet 
aansltlvlry.  For  thin  covers  of  less  than  a  few  jat  dtamaters  tha  impact 
la  nose  likely  co  cause  detonation.  Tlj^i  shock  Is  very  strong  but 
attenuates  rapidly.  Starkanberg  a:  ai  1  have  numerically  modelled  Impact 
initiation  of  thin  covered  Composition  B  by  small  diameter  projectiles  and 
the  trend  in  results  is  useful  for  assessing  the  characteristics  of  jet 
Impact.  Thus,  for  example,  the  study  ifaovad-^hat  for  the  smallest  diameter 
projectile  (3  mu)  the  Jacobs-Roslund  formula’’  '  failed  to  correct  for  case 
thickness  end  dsronaclcn  either  occurred  very  close  to  the  eover/exploaive 
interface  or  r.ot  at  all. 

Detonation  close  to  the  thir.  cover  surface  at  Che  critical  Jet 
velocity  it  suggested  by  the  experimental  and  numerical  coda  study  by 
Flrocal*  at  si  in  France  on  an  aluminium  covered  KKX  composition.  For 
covers  greater  than  a  few  jet  diameters  the  Impact  shock  is  attenuated  and 
overtaken  by  the  Jer.  penetration  bow  wave  in  the  cover.  The  mechanisms  of 
initiation  of  energetic  fillings  through  thicker  covers  sre  summarised  in 
Section  2,  this  includes  reference  to  the  role  of  the  bow  wave  in  tha 
cover. 

When  penetrating  Che  cover  the  fastest  elements  sf  the  joe  are 
progressively  erroJed  and  this  process  is  governed  by  the  density 
relationship  at  tha  Jet  and  cover  materials  as  per  the  penetration 
equatlona.  Consequently  the  jet  penetration  velocity  la  tha  explosive 
decreeses  with  increasing  cover  thickness  and  the  associated  bow  wave  shock 
beco-ncs  a  less  efficient  initiator.  Australian  (KHD/i.'3A  (ERD  work  has 
demonstrated  that  the  critical  Jet  velocity  for  bow  wave  initiation  is 
independent  of  the  cover  material  (steel,  aluminium,  ttoxlglas  end 
sceel/plexlglas  were  U3ed)  except  that  the  critics!  thickness  Increases  as 
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a  function  of  dec tanning  density.  However,  a  direct  correlation  with 
density  is  ccetpllcaced  by  ehe  degree  of  stretching  of  the  jet.  These 
observations  suggest  that  ehe  cover  fonts  a  protective  role  by  attenuating 
the  inpact  shock,  errodlng  ehe  Jet  and  footing  desensitising  precursor 

waves . 

3.5  FJLL  COHFINEKENT  EFFECTS 

The  effect  of  confinement  on  ehe  response  of  explosive  fillings  to 
shaoed  charge  jees  can  be  partly  assessed  from  USA(BSL)/Australian  (MEL) 
work.1  There  are  two  aspects  of  ehe  results  that  should  be  noted)  the 
effect  of  confinement  on  the  critical  jet  velocity  for  the  detonation 
threshold  and  the  decree  of  vo ileoce  of  ehe  non-detonative  reactions. 

Preliminary  work  by  Zeroow  et  al*®  of  BEL  in  1953  demonstrated  that 
the  type  end  degree  of  confinement  effected  the  probability  of  ehe  j«e 
initiation  of  covered  explosives.  However,  the  study  was  of  e  limited 
nature  and  tha  explosive  filling  geometry  and  jet  quality  appears  to  have 
complicated  tha  interpretation  of  tba  data. 

Jets  fired  at  covered  explosive  with  no  s'de  confinement  close  to 
Che  detonation  threshold  of  both  case  and  pressed  explosives  produced  bulk 
burning.  Flash  x-ray  showed  chat  creamed  TUT  underwent  bulk  deflagration 
within  tha  bow  wave.  Ho  explosive  was  recovered.  Flesh  x-ray  indicated 
that  Composition  B,  H—S  and  pressed  TUT  exhibited  localised  bow  wave  burn 
in  the  jet  tip  region.  For  H-4  this  reaction  probably  spread  to  tha  buih 
of  ehe  filling  since  no  explosive  was  recovered  but  for  Composition  B  some 
powder  was  recovered  from  ehe  firing  call  walla.  Howevar,  lower  velocity 
jets  produced  limited  amounts  of  burning.  Unconsumad  explosive  was 
recovered  as  powder  and  various  site  pieces  with  signs  of  surface  melting. 

33  am  diameter  Composition  B  in  steal  cylinders  with  a  12  mm  thick 
wall  and  Composition  B  and  H-4  filled  105  am  shall  consistently  produced 
violent  deflagrations  even  when  stand-off  plates  war*  used  to  allow  only 
the  lower  velocity  portion  of  ehe  jet  to  enter  the  filling.  These 
experiment*  suggest  that  the  puncturing  of  the  rase  by  the  Jet  doas  not 
produce  effective  release  of  ehe  confinement:  and  that  there  is  no  quenching 
of  ehe  reaction  started  by  the  jar.  Thin  cases,  however,  may  rupture  from 
early  reaction  thus  avoiding  eba  build-up  of  violent  non-detonative  events 
-  this  may  particularly  apply  to  solid  propellants  and  types  of  now-TKT 
basad  explosives.  Some  fora  of  bow  wove  burn  would  still  be  expected. 
Further  work  is  required  to  Investigate  this  aspect  of  confinement. 

There  is  elso  a  need  to  assess  whether  larger,  confined  fillings 
will  ut-dergo  Che  deflagration  to  detonation  transition  in  these  situations 
and  whether  the  fragmentation  and  blast  from  violent  deflagrations  is  a 
sympathetic  detonation  hazard. 

Depending  upon  its  pruxteity  to  the  Jet  entry  into  ehe  explosive 
filling,  side  ecnf inement  can  have  a  significant  affect  on  the  critical  jet 
velocity  for  bow  wave  initiation  at  the  deconation  threshold.  Thus  for  the 
jet  from  Che  38  on  diameter  shaped  ehargs  the  critical  velocity  of 
5.2  am/ifs  far  an  effectively  infinitely  large  diameter,  unconfinad  filling 
was  reduced  to  4.7  mo/ps  for  symmetrical  steel  confinement  at  19  am  radius 
from  the  Jet  axis.  However,  side  confinement  at  about  40  ram  radius  from 
the  Jet  axis  showed  no  decrease  la  the  critical  jet  velocity.  These 
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results  indicate  that  beyond  a  certain  limit  (for  these  trials  a  filling 
diameter  Co  jac  diameter  ratio  of  30/1.5  •  53),  slda  confinement  baa  no 
affect.  It  is  incarascing  to  noca  chac  Cha  critical  jat  velocity  of 
3.2  mm/ps  produces  an  Initiation  bow  wave  pressure  in  Composition  B  of 
shout  23  kbar  (similar  to  cha  large  sccla  gap  Case  value)  which  is 
slgnlf lcancly  reduced  to  about  12  kbar  (similar  to  the  Eglln  super  gap  ce3t 
value)  for  the  bow  wave  initiation  pressure  from  the  4.7  mm/ps  velocity 
jet.  The  effect  cf  the  side  confinement  is  attributed  to  a  change  in  cha 
shape  of  the  initiation  bow  wav*  pulse  to  be  flatter,  with  a  steeper  fronc. 
Work  is  currently  underway  in  the  Australian  (MRL)/USA(BRL)  program  to 
further  asses  confinement  effects  and  datermina  whether  a  predictive 
equation  can  be  developed  for  estimating  the  effect  of  symmetrical  side 
confinement.  The  development  of  numerical  modelling  routines  would  assist 
in  predictive  work. 

3.6  Emcr  OF  CAVITIES  IN  THE  ENERGETIC  El  LUNG 

Cavities  can  be  classified  es  two  types;  chose  between  the  case  and 
the  energetic  filling  and  those  within  the  bulk  of  the  filling.  Australian 
(MXL)/USA  (BRL)  work'’’  ’  has  shown  that  both  types  can  have  e  strong 
sensitising  effect. 

The  major  sensitising  effect  of  a  cavity  between  cha  cover  and 
filling  has  been  demonstrated  by  flash  radiography  and  can  be  assessed  from 
Table  2  where  the  critical  jet  velocity  for  the  detonation  threshold  has 
been  determined  with  and  without  an  air  gap  between  tne  filling  and  cover. 
The  effecc  arises  since  any  precursor  va\  a  is  dissipated  in  the  air  gap  and 

TABLE  2 

Jee  0etonatlon/7allure  Threshold  Velocities  for 
Explosive  Fillings  with  and  without  an  Air  Gap 
Between  the  Cover  and  Filling 


Explosive 

Shaped 

Charge 

Diameter 

Critical 

Jee  Velocity  (os/ps) 

Covered 
With  No  Air 

Covered  With  Air  Cap 
Gap  (Bara  Explosive) 

Case  TNT 

38  am 

6.6 

6.8 

Composition  B 

38  am 

3.2 

3.2 

H-6 

38  mm 

4.9 

3.3 

Oceol 

38  mm 

4.9 

2.8 

Pressed  TNT 

38  mm 

4.1 

2.9 

PCX  9302 

81  so 

6.3 

3.8 
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an  impact  shock  car.  again  Corn  whan  tha  jec  scrikas  cha  bare  explosive 
surface.  Thus  tha  results  In  Tabla  2  also  represent  Cha  difference  in  Cha 
jat  sensitivity  of  bars  (impact  initiation)  and  eoverad  explosives  (bow 
wave  initiation).  Energetic  fillings  with  a  l.^rga  critical  detonation 
dfamater  with  respect  to  the  jet  diameter  would  sot  be  expected  to  show 
this  efface.  This  is  demonstrated  by  the  case  TKT  result  which  is 
initiated  by  the  bow  wave  in  both  configurations  -  see  Section  3.2. 

Cavities  within  a  filling  can  perform  a  similar  sensitising  role 
eo  that  described  above  since  they  can  also  dissipate  the  bow  wave  and 
ellow  the  Jet  to  fora  en  impact  shock  on  cha  far,  exposed  surface  of  Che 
void.  This  has  been  demonstrated  experimentally  using  multiple  flash 
radiogrsphy  for  both  spherical  and  laalner  cavities.  Aspects  of  the  effect 
have  been  discussed  in  detail  in  Zefarenca  29  whero  it  baa  been  calculated 
Chat  the  maxims*  depth  for  a  void  to  retain  a  sensitising  affect  in 
Composition  8  end  pressed  TUT  is  about  320  mm  and  290  kb  respectively  for 
tha  38  mm  diameter  shaped  charge  jet.  Again,  however,  fillings  with  large 
critical  detonation  diameters  with  respect  to  the  Jet  diameter  (see  Section 
3.2)  would  not  be  expected  to  show  this  effect.  German  work2  has  recently 
repeated  some  of  the  void  experiments  with  similar  results. 

These  results  way  have  application  to  solid  rocket  propellents 
with  small  critical  deeonation  diameters  where  cavlclus  are  produced  by 
internal  shaping. 

Z.B.  Frey3^1  has  proposed  thae  an  energetic  material  may  be 
initiated  by  the  penetration  process  of  a  parclculated  jet.  In  this 
proposal  sufficient  time  may  elapse  between  wall  separated  individual 
Impacts  for  dissipation  of  the  desensitising  bow  wave  and  for  the  following 
particle  to  produce  impact  Initiation  on  the  exposed  surface. 


*.  JET  CHAPACTg8ISTX.es  AHD  PREDICTIVE  EQUATXOHS  FOH  THE  P2T33ATI0H 
THRESHOLD 

An  early  British  study31  at  ZAZDE  (then  ABO)  demonstrated  chat  the 
jac  and  not  Che  slug  Initiated  bars  explosive.  Later  James32  also  of  BABDE 
postulated  chat  jet  initiation  occurred  when  the  jet  penetration  velocity 
was  equal  to  or  exceeded  the  maximum  particle  velocity  la  the  explosive 
detonation  -  this  proposal  is  not  supported  by  the  measured  critical  jet 
velocities  for  s  number  of  explosives.  0 

Jet  velocity  and  diameter1  11,33  are  important  la  decerning  the 
daeonaclon  of  an  explosive  filling  by  efthnr  the  impact  or  bow  wave  shock. 
Jee  velocity  determines  the  peak  pressure  while  the  jet  diameter  controls 
Che  shape  c?  the  shock  and  contributes  eo  the  pressure  profile;  large  jec 
diameters  produce  flatter  topped  waves  which  are  less  affected  by 
rarefactions  and  will  therefore  be  more  effective  at  initiation.  Jec 
density  is  important  for  impact  initiation  in  that  it  contributes’  to  energy 
transfer  at  the  jec/explosive  boundary.  Higher  density  jets  ere  also  more 
effective  at  penetrating  the  cover. 

Using  a  range  of  copper  Jets  Held33  demonstrated  that  the 
initiation  of  bare  explosive  was  controlled  by  Jec  velocity  and  diameter  in 
Che  form  of  the  predictive  equation. 
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where  V  the  critical  Jac  velocity  for  initiating  bara  explosive  and  d  jut 
diameter ...This  conclusion  was  supported  by  later  experim^gcfj  work  by 
Campbell.  The  numerical  modelling  study  by  Mador  at  alA  ’*  also 
conflnsad  aquation  (2)  and  wane  on  to  propose  a  pradlctlva  relationship 
independent  of  jet  material  by  including  a  Jet  density  tana, 


V'dP  »  constant 


where  P  jet  density. 

Expressions  (2)  and  (3)  will  have  application  to  impact  shock 
initiation  through  thin  covers.  This  shock  will  attenuate  very  quickly  and 
hence  the  jac  velocity  will  need  to  be  Increased  in  order  to  maintain 
deconaclon  with  increasing  cover  thickness.  Thus  for  the  thin  covered 
situation  the  explosive  sensitivity  value  would  show  an  apparent  Increase 
from  the  li«itlng-Y*lue  of  equation  (2)  sat  with  bare  explosive.  The 
Starkenberg  at  ai  modelling  s^dy  on  thin  cased  Comp  sltlon  B  indicated 
that  tVe  Jacobs-Soslund  formula  for  correcting  for  case  thickness  on  the 
critical  Impact  velocity  of  a  projectile  was  not  obeyed  for  3  mm  diameter 
rods  and  persuaably  therefore  not  by  jets. 

After  travelling  a  few  jet  diameter  thicknesses  Che  decaying 
impact  shock  is  overtaken  by  the  bow  wave  and  expressions  (2)  and  (3)  are 
replaced  by  predictive  equations  based  on  bow  wave  Initiation. 

7  8 

Australian  (M&L)/USA  (BRL)  '  work  has  proposed  the  form  of  r.he 
predictive  equations  for  Che  jet  bow  wave  in  the  explosive  at  the 
deconaclon  threshold.  The  equations  were  obtained  from  the  measurements  of 
the  daconatlon/lower  order  reaction  threshold  in  Composition  B  for  an 
alumlnlua  and  2  types  of  copper  Jets.  The  equations  taka  the  fora. 


Up^d  ■  constant  (A) 

or 

V*  dP  ^  m  constant  for  any  Jet  material  (3) 

J® 

or 

V*  d  »  constant  for  a  given  Jet  material  (6) 


where  Up  critical  jet  penetrating  velocity  in  the  explosive,  and 

V..  critical  jet  velocity  in  air  prior  to  striking  the  explosive 
^  for  bow  wave  Initiation. 

Equation  (A)  directly  relates  to  bow  wave  initiation  and  indicates 
that  critical  Jet  penetration  velocity  is  independent  of  jet  density. 7 
Although  Up  and  V  ^  were  measured  independently  they  are  related  by, 


where  t  the  square  root  of  the 
ratio  of  target  to  jae  density. 
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It  Is  stressed  that  although  expressions  (2)  and  (6)  ara  similar  In  form 
they  do  not  use  tha  ssea  critical  jet  velocity  valuas  and  hanca  produce 
significantly  different  jot  sensitivity  constants.  For  example,  Australian 
work  has  measured  che  jac  1  space  shock  sensitivity  value  for  bare 
Composition  B  using  aquation  (2)  at  12  cm/ps*  which  Is  markedly  different 
to  the  measured  jet  bow  w«v<j  sensitivity  value  for  covered  Composition  B 
using  equation  (6)  at  40  mm  /us  . 

Section  3.2  has  suggested  that  a  qualification  on  the  use  of 
equation  (2)  for  bare  explosives  Is  when  D/d  >  3  when  equations  (4)  to  (6) 
ara  approprlsta. 

Equations  (2)  to  (6)  ara  uaad  to  measured  tha  jet  sensitivity 
constants  of  an  explosive  which  can  Chan  be  used  to  predict  the  velocity, 
and  diasMter  values  (and  density  If  ether  materials  era  used)  for  anoci^r 
jst  at  the  detonation  threshold.  Work  at  Sand la  National  Laboratories 
using  jet  diameters  from  0.041  to  1.10  tan  applied  equation  (2)  thus 
assuming  jac  Impact  Initiation.  Further,  aquations  (4)  to  (6)  have  only 
been  tasted  over  a  limited  diameter  range  and  no  experimental  work  has  been 
reported  to  support  aquation  (3).  Further  verification  is  required  for  the 
predictive  aquations  over  a  larger  range  of  jet  diameters  and  densities  and 
for  energetic  materials  with  a  greater  range  of  properties.  The  Australian 
(HRL)/USA(aBL)  program  Is  undertaking  further  work  to  aases  the  validity  of 
tha  jae  bow  wave  predictive  equations  (4)  to  (6). 


3.  BELSVAMC2  OF  STUDIES  ON  BAM  SRCTC  MATERIALS 

Ceneric  munitions  with  cases  up  to  a  few  jet  diameters  thick  will 
be  initiated  by  the  Impact  shock.  Thus  studies  on  bare  energetic  fillings 
will  have  application  to  this  type  of  munition  when  account  is  taken  of  Che 
changing  profile  of  the  decaying  shock  through  the  case.  However,  for 
thicker  covers  the  jet  penetration  bow  wave  In  the  energetic  filling 
becomes  the  controlling  mechanism  which  has  different  initiation 
characteristics  and  results  in  a  such  lower  level  in  jet  sensitivity.  This 
is  shown  in  Table  2  u.>«re  the  critical  jet  velocity  for  the  detonation 
threshold  of  a  covered  material  is  in  the  region  of  3CH  greater  than  for 
the  same  material  In  che  bare  configuration.  These  considerations  suggest 
that  studies  on  bars  energetic  fillings  have  limited  value  when  applied  to 
generic  munitions  with  thick  cases.  If  not  treated  with  caution  they  will 
lead  to  using  Incorrect  jet  parameters  for  che  detonation  threshold  and  to 
erroneous  predictions  on  whechur  a  detonation  or  lower  order  reaction  will 
occur.  An  exception  will  be  when  there  is  a  cavity  between  Che  case  and 
filling  or  within  Che  bulk  of  Che  filling  when  measurements  cn  bare 
materials  will  allow  an  estimate  of  che  sensitising  efface  of  the  cavity. 

A  further  qualification  on  che  use  of  data  from  studies  on  bare 
materials  arises  if  the  critical  detonation  diameter  is  large  with  respect 
to  the  jet  diameter  when  there  is  s  change  in  the  mechanism  of  initiation 
and  level  of  sensitivity  -  this  effect  is  discussed  in  Section  3.2. 


COSCLDSIOH 


The  survey  has  shove  thee  Is  recent  years  considerable  progress  has  been 
made  in  understanding  the  processes  that  underlie  the  shaped  charge  jet 
chreat/hasard  situation..  Thus  there  has  been  a  growth  in  understanding  the 
mechanisms  of  Jet  initiation,  identifying  the  parameters  that  control  the 
detonation  threshold  and  the  determination  of  the  characteristics  that 
Influence  a  generic  munitions  response  to  a  shaped  charge  jet  strike.  The 
information  suggests  that  generic  munitions  can  be  classified  as  thin  or  thick 
eased  from  the  point  of  view  of  the  jet  throat/hazard  and  that  it  is  important 
that  the  correct  form  of  the  predictive  equation  is  used  for  the  detonation 
threshold.  Most  work  has  been  undertaken  using  explosive  fillings  although 
tha  results  suggest  that  solid  propellants  may  exhibit  similar  general 
characteristics . 

There  are  no  tests  that  assess  the  response  of  s  generic  munition  to  the 
shaped  charge  Jet  threat/h.*zard.  Basic  information  and  test  measurements 
(a.g.,  gap  test)  of  the  shock  initiation  process  are  of  general  relevance  to 
Jet  initiation  and  critical  detonation  diameter  is  an  important  property. 
Australia  has  developed  a  small  scale,  calibrated  test  to  measure  the  jet 
sensitivity  of  energrtlc  material  and  the  results  are  applicable  to  both  thin 
and  thick  cased  generic  munitions.  An  instrumented  form  of  the  test  has  been 
used  to  assess  the  role  of  various  parameters  that  are  relevant  to  generic 
munition  response. 

Recent  information  has  allowed  a  start  at  constructing  detonation 
threshold  maps  and  a  proposal  has  been  developed  for  a  hazard  assessment  flov 
chert.  It  is  proposed  that  current  data  provides  a  good  base  for  an  extension 
of  technical  knowledge  to  cover  a  greater  range  of  Jets  and  energetic 
fillings.  This  should  Include  experimental  theoretical  and  numerical 
modelling  studies.  Shaped  charge  jets,  like  other  threat/hazard  stimuli 
require  an  understanding  of  the  consequences  of  a  deflagration  occurring 
within  a  generic  munition. 
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NUMERICAL  SIMULATIONS  OP 


SHOCK  INITIATION  OP  EXPLOSIVES  BY  FRAGMENT  IMPACTS 

by 

Larry  Libers  ky 


As  a  part  of  a  study  to  determine  the  vulnerability  of  high 
explosive  warheads  to  fragment  impact,  three-dimensional  numerical 
simulations  of  detonation  in  Comp-B  explosive  initiated  by  steel 
cubes  have  been  performed.  These  calculations  address  the 
phenomena  of  shock  initiation  as  a  function  of  fragment  size, 
impact  speed,  and  orientation.  A  simultaneous  fragment  impact 
was  calculated  as  a  start  on  the  problem  of  multiple  fragment 
impacts • 

The  MESA  (Multi-Material  Eulerian  Shock  Algorithm) 
hydrodynamics  ccd?  was  used  to  simulate  the  impact  and  detonation. 
MESA  was  written  at  the  hew  Mexico  Institute  of  Mining  and 
Technology  TERA  (Terminal  Effects  Research  and  Analysis)  Group 
and  is  a  combination  of  the  "best"  procedures  vised  in  many  well 
known  and  established  hydrocodes.  The  code  is  second  order 
accurate  throughout  and  uses  the  SLIC  (Simple  Line  Interface 
Calculation)  algorithm  for  multi-material  fluxing,  and  BKW 
equation  of  state  for  detonation  products.  MESA  code  predictions 
are  in  good  agreement  with  the  experiments  of  Roalund  (NOL  Report 
73-124)  which  was  used  as  a  test  case  for  the  shock  initiation 
calculation. 

The  basic  mechanism  of  shock  initiation  of  high  explosives  is 
the  interaction  of  the  shock  with  density  discontinuities  which 
produce  local  hot  spots  that  initiate  decomposition  and  thus 
propagate  the  detonation.  Since  it  is  not  possible  to  model  in 
detail  all  the  density  discontinuities  of  a  heterogeneous 
explosive,  Forest  Fire,  a  simplified  model,  was  used. 

Results  for  a  few  cases  in  which  a  60  grain  steel  cube 
impacted  a  1/0-inch  thick  steel  plate  covering  Comp-B  explosive 
are  shown  in  the  accompanying  figure.  The  critical  speeds  for 
detonation  in  pw/ms  are  displayed  on  the  cube  face.  Notice  that 
the  critical  spead  is  strongly  dopendont  on  the  orientation  of  tho 
cube.  The  critical  speed  for  a  "flat"  impact  was  1.7  mm/jis  while 
the  critical  apeed  for  tho  "edge-on"  impact  was  2.8  mm/ps.  For 
flat  impacts  at  obliquity  angles  of  22.5*  ard  45*,  the  critical 
speeds  were  1.9  oa/MS  and  2.3  mm/gs,  a  significant  difference.  For 
the  case  of  simultaneous  flat  impacts  at  one  cube  separation,  the 
critical  speed  was  computed  to  be  1.6  vm/ns,  as  opposed  to 
1.7  mm/jis  for  the  single  fragment  impact.  These  critical  speeds 
were  computed  to  the  nearest  ono- tenth  cf  a  mm/ps,  so  that  for  the 
single  fragment  and  flat  impact  case,  detonation  was  observed  at 
1.7  mm/na  but  not  at  1.6  mm/ jus. 
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In  •turn ary,  the  MESA  coda  has  bssn  used  to  sinul&te  inpacts 
of  steal  cube a  against  a  steal  plat a  covering  Conp-B  explosive. 
These  three-dinenoional  calculations  were  dor<a  on  a  relatively 
nodast  HP-9000  conputer  at  TERA.  Results  show  that  the  critical 
velocity  for  detonation  is  strongly  sensitive  to  the  fragment 
orientation  and  inpact  angle,  and  therefore  an  important  safety 
consideration. 


RESULTS 
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Critical  speeds  in  mm/iis  for  GO  grain  steel  cube  impacting 
covered  Comp-B  a3  computed  by  MESA3D.  The  steel  plate  is 
1/8  inch  thick..  The  critical  speeds  are  computed  to  0.1  mm/ 
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